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CHAPTER 1 

INTRODUCTION 

 

1.1 INTRODUCTION AND PROBLEM STATEMENT 

The early success realized in initially constructed integral abutment (IA) bridges has led 

to the application of this bridge type to increasingly longer spans. However, many 

engineering uncertainties exist in the prediction of long- and short-term behavior of all 

spans of integral abutment bridges. A majority of design principles continue to be 

empirically based and anecdotal. Performance problems have arisen due to the many 

differences in integral abutment detailing philosophy and other parameters of bridge 

construction. This research project instrumented a longer span IA bridge on the I-99 

corridor to obtain field-based bridge response data that will provide information 

regarding the actual response of this bridge type to thermal loads through a 

comprehensive field monitoring program on the I-99 corridor.  In addition, data were 

collected from acquisition systems at three previously instrumented bridges and a 

weather station throughout the duration of the project. 

 

1.2 SCOPE OF RESEARCH 

The scope of the research project is detailed below. The project encompassed 

instrumentation installation, continuous monitoring, numerical model comparisons, and 

software evaluation of the four selected I-99 bridges.  All results of the research project 

were to be formally reported to PennDOT, which is the purpose of this project report. 
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1. Installation of instrumentation and data acquisition equipment on bridge 109.  

Details and descriptions for the instrumentation are included in this final project 

report. 

2. Continuous monitoring of bridges 109, 203, 211, 222 and the weather station.   A 

summary of the collected data is provided in this final project report.  In addition, 

electronic files containing all raw data are provided. 

3. Evaluation of the PennDOT IA Design Spreadsheet.  Predicted behavior using 

results from the PennDOT Integral Abutment design spreadsheet were compared 

to observed bridge 203, 211, and 222 behaviors.  A summary of the comparison is 

included in this final project report. 

4. Comparison of field observations of bridges 202, 211, 222, and 109 to numerical 

predictions.  These comparisons are included in this final project report. 

5. Draft Final Report.  All activities falling under the scope and objectives for the 

present research project have been summarized in this draft final project report for 

review. 

6. Final Report.   This draft final project report will be revised and submitted as a 

final report after receipt of PennDOT final review comments and archived for 

future reference. 

 

1.3 OBJECTIVES 

The objectives of this project were to: (1) install several electronic monitoring 

instruments on bridge 109 of section C10 on I-99 south of Port Matilda, Pennsylvania; 

(2) install a data acquisition system on bridge 109 to power and read these instruments; 
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(3) continuously monitor and collect data from bridges 203, 211, 222, 109, and the 

weather station; (4) archive electronically and summarize the collected data from each of 

the four bridges and the weather station; (5) compare field observations to numerical 

models; and (6) evaluate observed structure behaviors and results from numerical models 

with the integral abutment design methodology as presented in PennDOT’s Integral 

Abutment Spreadsheet.  These objectives have been met and exceeded for the project. 

This project scope and objectives supports the research partnership objective as identified 

in Exhibit A of the Agreement. 

 

1.4 REPORT ORGANIZATION 

This report consists of eight chapters.  Chapter 2 describes instrumentation installation of 

bridge 109.  Chapter 3 discusses collected data from long-term monitoring of all four 

instrumented bridges.  Chapter 4 covers methodologies to incorporate time-dependent 

effects, soil-structure interaction behavior, and abutment-backwall connection behavior 

into numerical models.  Chapter 5 presents modeling techniques and applied loads for all 

four numerical bridge models.  Chapter 6 discusses comparisons between measured 

response from monitoring data and predicted response from numerical models.  Chapter 7 

presents an evaluation of the PennDOT IA program as compared to the original design 

and measured response.  Finally, Chapter 8 provides a summary and conclusions of this 

report. 
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CHAPTER 2 

BRIDGE INSTRUMENTATION 

 

2.1 INSTRUMENTATION DESCRIPTION 

The present research includes instrumentation installation at bridge 109 and monitoring 

of the four integral abutment bridges of the present study: bridges 109, 203, 211 and 222 

on the US 220 section of I-99 at Port Matilda.  Detailed descriptions and locations of the 

four bridges are presented in the PennDOT research report by Laman et al. (2003).  

Bridges 203, 211 and 222 were previously instrumented and data acquisition systems 

installed as shown in Figures 2.6 through 2.18, with data download as an ongoing activity.  

This chapter describes in detail the bridge instrumentation program for bridge 109. 

Bridge 109 has been designed and constructed with both abutments as integral. An 

overview of critical parameters for the brief description of bridge 109 is presented in 

Table 2.1 and a plan view of the structure is presented in Figure 2.1. 

Table 2.1. Bridge 109 Critical Parameters 

Bridge 
No. 

Girder 
Type 

Skew No. of 
Spans 

Spans 
(ft) 

Total 
Length (ft) 

RSR 6220 
Over: 

Design 
Section 

109 P/S I 0 4 88-122-122-88 420 
Blue Spring 

Hollow 
Stream 

A10 

 

Sixty-four vibrating wire based instruments were installed on Structure 109 between 

November 2005 and May 2006.  These instruments consist of 5 pressure cells (VW-4820), 

5 extensometers (VW-4450), 8 tiltmeters (VW-6350), 6 reinforcing bar strain gages (VK-

4911) and 40 strain gages (VSM-4000).  Detailed descriptions, specifications, and 

explanations of each instrument are presented in Laman et al. (2003). Two pressure cells 
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and two extensometers were installed on the south abutment (abutment 1) and three 

pressure cells and three extensometers were installed on the north abutment (abutment 2). 

Refer to Figures 2.1 through 2.5 for detailed drawings of bridge 109 and the placement of 

each of the 64 instruments.  Pressure cells were placed to face the backfill.  Four pressure 

cells were installed along the centerline of the abutment, each at a different elevation.  A 

pressure cell was located on abutment 1 at the same elevation as the upper pressure cell at 

abutment 2 and located at the middle of the exterior and interior girder on abutment 2. 

Twenty-four strain gages were installed on four HP12x74 piles.  Two piles with 12 

attached strain gages (6 each) were driven under abutment 1 and two piles with 12 

attached strain gages were driven under abutment 2 (see Figures 2.3 and 2.5).  Six strain 

gages were mounted on each of the four piles with three gages placed at each of two 

different elevations.  These elevations are approximately 1 ft and 9 ft below the bottom of 

the abutment.  The arrangement of three strain gages at two different elevations permits 

the measurement of both axial load and moment variation. 

Sixteen strain gages were installed on four precast concrete girders at both the top and 

bottom flanges (see Figures 2.3 and 2.5).  Each girder has a total of four strain gages.  

Each set of two strain gages was mounted on each girder end, one on the side surface of 

the top flanges, and the other on the centerline of the bottom surface of the bottom 

flanges.  Each strain gage was 1 ft apart from the abutments.  

Four tilt meters were mounted on the pre-cast concrete girders with the remaining 

four tilt-meters mounted on abutments 1 and 2.  A tilt meter was located at each abutment 

end of the west interior girder and attached to the web, and a tilt meter was located 

similarly on each end of the east exterior girder.  These tilt meters were placed 3 inches 
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away from the abutment.  Each tilt meter placed on the abutment was placed 1 ft below 

the girders, which also were instrumented with tilt meters.  In addition, six reinforcing 

bar strain gages were placed in the approach slab to monitor stresses at this location.   
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Figure 2.3: Bridge 109 Abutment 2 Elevation (Section B-B) 
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Figure 2.5: Structure 109 Abutment 1 Elevation (Section D-D) 
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Figure 2.7: Structure 203 Cross-Section Through Abutment 2 (Section A-A) 
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Figure 2.8: Structure 203 Abutment 2 Elevation (Section B-B) 
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Figure 2.10: Structure 211 Cross-Section Through Abutment 2 (Section A-A) 
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Figure 2.11: Structure 211 Abutment 2 Elevation (Section B-B) 
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Figure 2.12: Structure 211 Abutment 1 Elevation (Section C-C) 
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Figure 2.13: Structure 211 Cross-Section Through Abutment 1 (Section D-D) 
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Figure 2.15: Structure 222 Cross-Section Through Abutment 2 (Section A-A) 
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Figure 2.16: Structure 222 Abutment 2 Elevation (Section B-B) 
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Figure 2.17: Structure 222 Abutment 1 Elevation (Section C-C) 
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Figure 2.18: Structure 222 Cross-Section Through Abutment 1 (Section D-D) 
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2.2 INSTUMENTATION INSTALLATION 

Installation of instrumentation completed for bridge 109 is described in this section. The 

64 vibrating wire instruments consisted of 40 strain gages (VSM-4000), 5 pressure cells 

(VW-4820), 5 extensometers (VW-4450), 8 tilt-meters (VW-6350) and 6 reinforcing bar 

strain gages (VK-4911). 

 

Pile Strain Gages 

Pile strain gages were mounted on the inner face flanges of selected HP12x74 piles as 

shown in the previous figures.  Installed elevations of the gages are also provided in the 

previous figures.  The gages were attached prior to driving, therefore the precise, final 

locations were difficult to pinpoint; however, the general locations are 1'-0" and 9'-6" 

below the abutment bottom.  Strain gages were centered 1 inch from the HP flange tip.  

Each gage clamp was fixed by welding, then the gage was placed in the clamps.  The 

entire assembly of gages and cables was then protected with L2x2x1/8 cover angle.  A 

cross-section and elevation view of installed strain gages and cover angles is presented in 

Figure 2.19 and a photograph of a welded strain gage on an HP pile is shown in Figure 

2.20.  After mounting all protective cover angles by welding, the upper, open end of the 

cover angle was filled with expanding foam to prevent invasion of soil and water (see 

Figure 2.21). 
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(a) Cross-Section of Pile (Section E-E) (b) End Cover Angle Detail (Section F-F) 

Figure 2.19: Bridge 109 Pile Instrumentation Details and Cover Angle 

 

 

Figure 2.20: Photograph of Strain Gage on H-Pile After Welding 

 

 

Figure 2.21: Photograph of Strain Gage on H-Pile After Driving 
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Abutment/Backwall Pressure Cells 

Five pressure cells were installed within the abutments.  Each pressure cell was placed in 

the abutment concrete and oriented toward the backfill to measure backfill earth pressure.  

A photograph of an installed pressure cell is shown in Figure 2.22.  Two pressure cells 

were mounted on the south abutment and located at the centerline of the abutment.  Three 

pressure cells were mounted on the north abutment: two at the middle of the abutment 

and the third at the middle between the west exterior and interior girder.  Detailed 

locations are presented in Figures 2.3 and 2.5. 

 

 
Figure 2.22: Photograph of Installed Pressure Cell on North Abutment 

 

Pressure Cell 
(Ch 2-10) 

Extensometer 
(Ch 2-7) 
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Abutment/Backwall Displacement Transducers 

Four borehole extensometers were installed for both abutments as shown in Figures 2.2 

and 2.4.  Two extensometers were positioned in the north abutment and two were 

positioned in the south abutment.  The extensometers measured horizontal displacement 

directly and indirectly measured rotation of the abutment.  A detailed cross-section of the 

typical extensometer installation is presented in Figure 2.23.  One-ft-6-inch cube concrete 

blocks (see Figure 2.24) were constructed at the fixed end of the borehole extensometer 

using an embedded, groutable anchor in the backfill and a long, steel rod.  The 

extensometer displacement transducer was connected at the abutment to the long, steel 

rod forming the free end.  The extensometer transducers are protected with PVC tubing 

inside the abutments (see Figure 2.25).  Extensometer cabling is shown in Figure 2.26, 

viewed from the bridge side of the abutment. 

 

Abutment/Girder Tilt Meters 

A total of eight tilt meters were mounted on bridge 109 girders.  One tilt meter each was 

mounted on the west interior girder of span 1 and span 4, respectively.  One tilt meter 

each was mounted on the east exterior girder of span 1 and span 4, respectively. Each of 

these four tilt meters was placed at the vertical center of the girder web to monitor girder 

rotation at each end. Two tilt meters each were mounted on the north and south 

abutments directly adjacent to the instrumented girders.  Biaxial brackets were used to fix 

the location of the tilt meters and arrange the rotation as designed (see Figure 2.27).  The 

rotations from abutment and girder tilt meters were positioned to allow comparison 

between girder and abutment rotation. 
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Figure 2.24: Photograph of Form Work of Concrete Block for Extensometer 

 

Figure 2.25: Photograph of Plan View of Installed Plastic Tube for Extensometer 

 

Abutment CL 

Bridge Backfill 

Connect to 
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Figure 2.26: Photograph of Extensometer on Front Face of Abutment 

 

Figure 2.27: Photograph of Installed Tilt Meter and Bracket on Abutment 
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Girder Strain Gages 

A total of sixteen strain gages were mounted to prestressed concrete girders on bridge 

109. Eight strain gages were attached in span 1 and eight gages were attached in span 4.  

The gages were all located 1 ft from the front face of the respective abutments for span 1 

and span 4. In each span, two strain gages were mounted on each of the four girders, one 

gage at the bottom flange and one gage on the side of the top flange. The strain gage at 

the bottom flange was placed at the centerline of the bottom flange and the strain gage on 

the top flange was located 1½ inches from the bottom edge of top flange. Strain 

measurements consist of major axis bending moments and axial forces at the respective 

locations. A photo of a mounted girder strain gage on the bottom flange is shown in 

Figure 2.28. 

 

Figure 2.28: Photograph of Mounted Strain Gage on Bottom Flange of Girder 

 

Approach Slab Reinforcing Bar Strain Gages 

Six reinforcing bar strain gages (sister bar gages) were installed in the approach slabs: 

two strain gages in the south abutment approach slab and four strain gages in the north 

abutment approach slab (see Figure 2.1).  Each gage was located at mid-thickness of the 
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approach slab to minimize strains due to flexure.  These sister bar gages are installed to 

measure the strains developed due to drag of the approach slabs.  The actual strain gage 

installed in reinforcing bar cage is shown in Figure 2.29. 

 

Figure 2.29: Photograph of Sister Bar Strain Gage 
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CHAPTER 3 

COLLECTED DATA 

 

This chapter presents collected data from the weather station and the four instrumented 

bridges. Weather station data collection was initiated in August 2002. Data collection at 

bridges 203, 211, 203, and 109 was initiated in November 2002, September 2004, 

November 2003, and September 2005 respectively. The data sampling rate at all locations 

for all instruments was set to a period of 15 minutes. All data were collected manually on 

a monthly basis; however, the data acquisition systems were capable of remote download 

via cell phones. Data obtained from each weather station instrument and each bridge 

instrument were plotted, including 7-day averages and data envelope in order to present 

the overall tendency and daily variations of the actual field data. 

 

3.1 WEATHER STATION 

Data obtained from the weather station consisted of ambient temperature, relative 

humidity, air pressure, solar radiation, wind speed, wind direction, and rainfall. Presented 

here are ambient temperature, relative humidity, air pressure, and solar radiation.  

Ambient temperature is presented in Figure 3.1.  The temperature ranged from 0 °F in 

January to 90 °F in July with the corresponding 7-day average varying from 14 °F to     

70 °F. Daily temperature ranges from 25 °F to 40 °F, indicating a fluctuation of daily 

temperatures. Ambient temperature serves as an important analysis parameter in FE 

models to determine longitudinal abutment displacements induced by thermal bridge 

expansion and contraction. 
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Relative humidity data are presented in Figure 3.2. Relative humidity varied over the 

time period from 15 to 100 percent with the 7-day average ranging from 45 to 95 percent. 

The average relative humidity over the 43-month collection period was 77 percent, 7 

percent greater than the design value of 70 percent specified in AASHTO LRFD (2004) 

for a central area of Pennsylvania. 

Barometric pressure data are presented in Figure 3.3. The barometric pressure varied 

from 28.8 to 30.4 inches Hg (975 to 1029 mbar) over the 43-month collection period. The 

average pressure over the period was 29.7 inches Hg (1006 mbar). Air pressure serves as 

an input parameter used in conjunction with pressure cell data to determine earth 

pressures behind abutments and backwalls. 
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Solar radiation data are presented in Figure 3.4. The solar radiation over the 

collection period varied from 0 to 1100 watts and the corresponding 7-day average varied 

from 40 watts in January to 250 watts in July. 

 

3.2 BRIDGE 203 MONITORING RESULTS 

This section presents field data obtained from bridge 203 instruments consisting of 3 

extensometers, 3 pressure cells, 8 tilt meters, 30 strain gages on 2 piles, 16 strain gages 

on 4 prestressed concrete girders, and 4 sister bar gages. Of the 64 instruments total 

installed on bridge 203, there were initially 3 damaged strain gages on the east pile 

(Channels 1-4, 1-7, and 4-9) and 1 damaged strain gage on the west pile (Channel 4-16). 

There were two additional damaged strain gages on the east pile (Channels 1-2 and 4-8) 

since September 2004 and October 2004, respectively, and one additional damaged strain 

gage on the west pile (Channel 1-10) since October 2005. However, the thermostats of all 

7 damaged strain gages continue to function. 

Extensometer data are presented in Figure 3.5. These three extensometers measure 

longitudinal abutment displacements. As can be observed from Figure 3.5, both top 

extensometers measured a similar trend during the first 10 months of data collection, then 

diverged. The top corner extensometer reveals the overall contraction trend with greater 

displacement amplitude while the overall expansion trend is observed from the data of 

the top center extensometer. Over the collection period of 40 months, the top corner 

extensometer measured the maximum contraction displacement of 0.42 inches during 

winter 2005/2006 and the maximum expansion displacement of 0.1 inches during 

summer 2003.  The top center extensometer measured the maximum contraction 
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displacement of 0.2 inches during winter 2003/2004 and the maximum expansion 

displacement of 0.2 inches during summer 2005. The bottom extensometer data indicate 

continuous movement of the lower abutment toward the bridge with the maximum 

current displacement of 0.2 inches. 

Pressure cell data are presented in Figure 3.6. The three pressure cells measure earth 

pressures behind the abutment and backwall. As can be observed from Figure 3.6, both 

center pressure cells measured similar earth pressure magnitudes because they are both 

located near the girder elevation. Earth pressures obtained from the bottom center 

pressure cell are greater by approximately 2 psi, as expected due to the deeper elevation. 

Over the 40-month collection period, the top center pressure cell measured a maximum 

earth pressure of 17 psi during summer 2005 and the bottom center extensometer 

measured a maximum earth pressure of 19 psi during summer 2005. The top corner cell 

measured the smallest pressure amplitude and daily variations, measuring a maximum 

earth pressure of 8.5 psi during summer 2005. 

Abutment tilt meter data are presented in Figure 3.7. All four tilt meters measured a 

similar trend of abutment rotations.  There were abrupt changes in data during June 2003 

for the tilt meter at the centerline of girder 1 and during July 2003 for the tilt meter at the 

centerline of girder 4 of approximately 0.06 and 0.03 degrees, respectively. These data 

anomalies are attributed to construction personnel as the instruments are within reach 

from grade. Tilt meter data are intended to measure changes in rotation rather than 

absolute angles; therefore any anomalies can be corrected. Corrected data at the four tilt 

meters located at girder 1, 2, 3 and 4 centerlines are maximum changes in rotation of 

0.07, 0.16, 0.12, and 0.09 degrees, respectively. These abutment rotations derived from 
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tilt meters are consistent with rotations derived from extensometers data with the 

abutment base continuously displacing toward the bridge. In addition, the center section 

of the abutment supporting the two interior girders rotates farther than the end sections of 

the abutment. 

Girder tilt meter data are presented in Figure 3.8. These four tilt meters were placed 

directly on girders 1 through 4, respectively. The tilt meter on girder 1 measured a 

rotation trend marginally different from the other three girder tilt meters. It can be 

observed that the rotation amplitudes of the interior girders are greater than the rotation 

amplitudes of the exterior girders and that the angle between the abutment and the girder 

continues to close, consistent with all other measurements. 

H-pile bending moments about the weak axis on the west pile are presented in Figure 

3.9. The bending moment was calculated using the three strain gage data set installed at 

the same elevation. There are three sets of three gages installed on the west pile: one at 

depth = 2΄-5˝; a second at depth = 6΄-5˝; and the third at depth = 11΄-5˝ from the 

abutment base. As can be observed from Figure 3.9, the moments at all depths indicate 

that pile bending is continuously increasing, with the pile head moving toward the bridge. 

This observation is consistent with data obtained from extensometers and tilt meters on 

the abutment. Initial moment magnitudes of +25, +3, and -7 ft-kips at the depths 2΄-5˝, 

6΄-5˝, and 11΄-5˝ are primarily due to pile driving and initial crookedness. Over the 40-

month collection period, the moments at the three depths reached maximum values of 

+55, +18, and -9 ft-kips. The H-pile plastic moment capacity = 194 ft-kips (Fy = 50 ksi). 

H-pile bending moments about the weak axis on the east pile are presented in Figure 

3.10. Due to the strain gage damage discussed previously, limited reporting of moments 
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was possible. The initial moment magnitude was -10 ft-kips and remained nearly constant 

over the 23-month collection period.  The very small variation in the moment over time is 

due to the location of the gages at a depth of 13΄-3˝ below the abutment, near the point of 

fixity. 

H-pile axial force in the west and east piles is presented in Figure 3.11 and Figure 

3.12. Pile axial force was calculated at each strain gage installed at the pile cross section 

neutral axis, intended for measuring pile down-drag forces. There are five strain gages on 

each pile at five depths. Pile axial forces varied from 67 to 107 kips for the west pile and 

from 40 to 100 kips for the east pile.  The strain gages on both piles indicate downdrag 

forces of approximately 5 to 15 kips during the period from November 2002 to August 

2003. 

Girder strain data are presented in Figure 3.13 through Figure 3.16. At the two 

instrumented locations on each girder; abutment end and end-span mid-span, two strain 

gages were placed on the top and bottom flanges, as described previously. End strains 

suggest a small and consistent girder tension, indicating contraction resulting from 

concrete creep and shrinkage. Strains at girder mid-span were not consistent between 

girders 3 and 4. Over the 40-month collection period, girder 3 strains indicate expansion 

of approximately 450 µε, while girder 4 strains indicate contraction of approximately 150 

µε. 

Sister-bar strain data at the approach slab are presented in Figure 3.17. Sister bar 

gages measured steep changes in compressive strain ranging from 100 to 200 µε during 

the early life of the approach slab, indicating shrinkage effects. Thereafter, a more 
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gradual effect was observed in the four instruments, primarily attributed to seasonal 

temperature changes. 
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3.3 BRIDGE 211 MONITORING RESULTS 

This section presents field data obtained from bridge 211 instruments consisting of 4 

extensometers, 4 pressure cells, 8 tilt meters, 24 strain gages on 4 piles, 16 strain gages 

on 4 prestressed concrete girders, and 8 sister bar gages.  Of the 64 instruments installed 

on bridge 211, no gages were damaged until February 2006. 

Collected data from top and bottom extensometers at abutments 1 and 2 are presented 

in Figure 3.18 and Figure 3.19, respectively.  The top extensometers at abutment 1 

measured the expansion trend; the bottom extensometer at abutment 1 measured the 

contraction trend; the top extensometer at abutment 2 measured the contraction trend; and 

the bottom extensometer at abutment 2 measured the expansion trend.  Over the 

collection period of 17 months, the top extensometer at abutment 1 measured the 

maximum contraction displacement of 0.09 inches during winter 2005/2006 and the 

maximum expansion displacement of 0.03 inches during summer 2005.  The top 

extensometer at abutment 2 measured the maximum contraction displacement of 0.07 

inches during winter 2004/2005 and the maximum expansion displacement of 0.03 inches 

during summer 2005.  The bottom extensometer at abutment 1 measured the maximum 

contraction displacement of 0.19 inches during winter 2005/2006 and no expansion 

displacement was observed.  The bottom extensometer at abutment 2 measured the 

maximum contraction displacement of 0.11 inches during winter 2004/2005 and no 

expansion displacement was observed. The bottom extensometer data at abutment 1 

indicate continuous movement of the lower abutment toward the bridge with the 

maximum current displacement of 0.19 inches. 
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Pressure cell data are presented in Figures 3.20 and 3.21. The two pressure cells 

measure earth pressures behind abutment 1 and the other two pressure cells measure earth 

pressures behind abutment 2. All of the pressure cells produced very similar earth 

pressure variation trends to each other.  Earth pressures obtained from the bottom 

pressure cell in abutment 1 were greater by approximately 2 psi as expected, due to the 

approximately 7 ft deeper elevation. Earth pressures from the bottom pressure cell in 

abutment 2 were very similar to those of abutment 1 while the top pressure cell in 

abutment 2 produced approximately 8 psi lower pressures.  In abutment 1, the top and 

bottom pressure cell measured maximum earth pressures of 13.7 and 13 psi during 

summer 2005, respectively. In abutment 2 the top and bottom pressure cell measured 

maximum earth pressures of 4.7 and 13.6 psi during summer 2005.  The top and bottom 

cell in abutment 2 measured relatively small pressure amplitude and daily variations, 

measuring an approximate amplitude of 2 psi. 

Abutment tilt meter data are presented in Figures 3.22 through 3.23.  Of four tilt 

meters on both abutments, three—the exception being the tilt meter at the centerline of 

girder 3 on abutment 1—measured a similar trend of abutment rotations.  There were 

abrupt changes in data during September 2004 for the tilt meter at the centerline of the 

girder of approximately 0.47 degrees. These data anomalies might be attributed to 

construction personnel or birds. Tilt meter data are intended to measure changes in 

rotation rather than absolute angles; therefore any anomalies can be corrected. Data from 

the two tilt meters located on abutment 1 at the centerline of girders 1 and 3 were 

maximum changes in rotation of 0.09 and 0.19 degrees, respectively, and data from the 

two tilt meters on abutment 2 were 0.13 and 0.16, respectively. 
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Girder tilt meter data are presented in Figures 3.24 and 3.25.  Two tilt meters were 

placed directly on girders 1 and 3, respectively.  Two tilt meters on both ends of girder 1 

measured a similar trend but did not exhibit obvious seasonal variation.  Two tilt meters 

on both ends of girder 3 measured a similar trend and did exhibit clear seasonal variation.  

Both tilt meters on girder 1 near abutments 1 and 2 measured the maximum changes in 

rotation of approximately 0.07 and 0.09 degree, respectively. Both tilt meters on girder 3 

near abutments 1 and 2 measured the maximum changes in rotation of approximately 

0.16 and 0.08, respectively. 

H-pile bending moments about the weak axis on four piles are presented in Figure 

3.26 through Figure 3.29, respectively.  There are two sets of three gages installed on pile 

1 (north pile supporting abutment 1): (1) at depth = 2΄-7˝ and (2) at depth = 9΄-7˝from the 

abutment base.  There are two sets of three gages installed on pile 2 (south pile 

supporting abutment 1): (1) at depth = 1΄-1˝ and (2) at depth = 8΄-1˝ from the abutment 

base.  Similarly, there are two sets for pile 3 (north pile supporting abutment 2): (1) at 

depth = 0΄-6˝ and (2) at depth = 7΄-6˝ from the abutment base, and two sets for pile 4 

(south pile supporting abutment 2): (1) at depth = (-) 0΄-6˝ (6˝ embedded into abutment 2) 

and (2) at depth = 6΄-6˝.  As can be observed from Figure 3.26 through Figure 3.29, the 

moments at all depths from all piles indicate that pile bending is continuously increasing 

with the pile head moving toward the bridge.  This observation is consistent with data 

obtained from extensometers and tilt meters on the abutments.  Over the collection period 

of 17 months, the moments at the depths near the abutment base have reached maximum 

values of +23, +13, +21, and +7 ft-kips for piles 1 to 4, respectively.  The H-pile plastic 

moment capacity = 194 ft-kips (Fy = 50 ksi).  H-pile bending moments from the strain 
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gage sets at a greater depth are generally smaller due to the location of the gages near the 

point of fixity. 

H-pile axial force in piles 1 and 2 (at abutment 1) is presented in Figure 3.30, and H-

pile axial force in piles 3 and 4 (at abutment 2) is presented in Figure 3.31.  Pile axial 

force for piles 1 and 2 varied from 80 to 115 kips.  For piles 3 and 4, pile axial force was 

from 70 to 110 kips except anomalies of bottom gage sets of the north pile.  All pile axial 

forces exhibited approximately 20 kips of seasonal variations. 

Collected data from strain gages on girders 1, 2, 3 and 4 are presented in Figure 3.32 

and Figure 3.35, respectively.  At the two instrumented locations on each of girders, both 

girder ends, two strain gages were placed on the top and bottom flanges.  All the bottom 

strain gages experienced compressive strain while all the top strain gages exhibited only 

tensile strain.  The bottom strain gages of all girders exhibited larger seasonal strain 

variations (approximately 160 με) than did the top strain gages.  The seasonal variation 

ranges of the top strain gages were approximately 100 με.  

Sister-bar strain data at the approach slab on abutments 1 and 2 are presented in 

Figures 3.36 and 3.37.  Sister bar gages measured changes in compressive strain ranging 

from 60 to 70 µε during the early life of the approach slab. Another significant 

compressive strain change was observed during spring 2005.  Daily temperature 

variations for all sister-bar strain gages were significant during summer (approximately 

20 με), while daily strain changes during winter were less than 10 με. 
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3.4 BRIDGE 222 MONITORING RESULTS 

This section presents field data obtained from bridge 222 instruments consisting of 4 

extensometers, 4 pressure cells, 4 tilt meters, 24 strain gages on 4 piles, 8 strain gages on 

2 prestressed concrete girders, and 4 sister bar gages.  Of the 48 instruments installed on 

bridge 222, there was 1 damaged strain gage on the south pile of abutment 2 (Channels 1-

2) since September 2005.  However, the thermostat of this damaged strain gage continues 

to function. 

Collected data from the top and bottom extensometers at abutments 1 and 2 are 

presented in Figure 3.38 and Figure 3.39, respectively.  The top extensometers at both 

abutments measured the overall expansion trend, the bottom extensometer at abutment 1 

measured the significant contraction trend, and the bottom extensometer at abutment 2 

measured the insignificant expansion trend.  Over the collection period of 28 months, the 

top extensometer at abutment 1 measured the maximum contraction displacement of 0.05 

inches during winter 2004/2005 and the maximum expansion displacement of 0.11 inches 

during summer 2005.  The top extensometer at abutment 2 measured the maximum 

contraction displacement of 0.04 inches during winter 2004/2005 and the maximum 

expansion displacement of 0.04 inches during summer 2005.  The bottom extensometer at 

abutment 1 measured the maximum contraction displacement of 0.13 inches during 

winter 2005/2006 and no expansion displacement was observed.  The bottom 

extensometer at abutment 2 measured the maximum contraction displacement of 0.05 

inches during winter 2004/2005 and no expansion displacement was observed. The 

bottom extensometer data at abutment 1 indicate continuous movement of the lower 

abutment toward the bridge with a maximum current displacement of 0.13 inches. 
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Collected data from top and bottom pressure cells at abutments 1 and 2 are presented 

in Figure 3.40 and Figure 3.41, respectively.  Both top pressure cells measured similar 

earth pressure magnitudes of 8 psi during summers and similar earth pressure amplitudes 

of 7 psi.  Both bottom pressure cells measured earth pressure magnitudes of 8 psi; 

however, higher earth pressure amplitudes of 10 psi were observed.  It can be observed 

that daily variations measured from the top pressure cell at abutment 2 were relatively 

higher than those measured from the other pressure cells. 

Abutment tilt meter data are presented in Figure 3.42.  The tilt meter on abutment 1 at 

the centerline of girder 4 measured higher abutment rotations than the tilt meter on 

abutment 1 at the centerline of girder 2.  The tilt meters at the centerlines of girders 2 and 

4 measured a similar trend, indicating continuous movement of the lower abutment 

toward the bridge with maximum changes in rotation of 0.07 and 0.11 degrees, 

respectively. 

Girder tilt meter data are presented in Figure 3.43.  Two tilt meters were placed 

directly on girders 2 and 4, respectively.  Both tilt meters measured similar girder 

rotations with maximum changes in rotation of approximately 0.08 degree. 

H-pile bending moments about the weak axis on 4 piles are presented in Figure 3.44 

through Figure 3.47, respectively.  Two sets of three gages were installed on pile 1 (south 

pile supporting abutment 1): (1) at depth = 1΄-7˝ and (2) at depth = 7΄-7˝ from the 

abutment base.  Two sets of three gages were installed on pile 2 (north pile supporting 

abutment 1): (1) at depth = 1΄-3˝ and (2) at depth = 7΄-3˝ from the abutment base.  

Similarly, there were two sets for pile 3 (south pile supporting abutment 2): (1) at depth = 

0΄-3˝ and (2) at depth = 6΄-3˝, and two sets for pile 4 (north pile supporting abutment 2): 
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(1) at depth = 0΄-5˝ and (2) at depth = 6΄-5˝ from the abutment base.  As can be observed 

from Figure 3.44 through Figure 3.47, the moments at all depths from all piles indicate 

that pile bending is continuously increasing, with the pile head moving toward the bridge.  

This observation is consistent with data obtained from extensometers and tilt meters on 

the abutments.  Over the collection period of 28 months, the moments at the depths near 

the abutment base have reached maximum values of +22, +23, +21, and +25 ft-kips for 

piles 1 to 4, respectively.  The H-pile plastic moment capacity = 140 ft-kips (Fy = 36 ksi).  

H-pile bending moments from the strain gage sets at a greater depth are generally smaller 

due to the location of the gages near the point of fixity. 

H-pile axial force in piles 1 and 2 (at abutment 1) is presented in Figure 3.48, and H-

pile axial force in piles 3 and 4 (at abutment 2) is presented in Figure 3.49.  Pile axial 

forces vary from 10 to 90 kips for piles 1 and 2 and from 10 to 120 kips for piles 3 and 4.  

The strain gage sets at a greater depth measured higher axial force magnitudes than the 

strain gage sets near the abutment bases. 

Collected data from strain gages on girders 2 and 4 are presented in Figure 3.50 and 

Figure 3.51, respectively.  At the two instrumented locations on each of girders 2 and 4, 

both girder ends, two strain gages were placed on the top and bottom flanges.  As can be 

observed from Figure 3.50 and Figure 3.51, most strain gages indicate contraction 

ranging from 25 to 50µε for girder 2 and ranging from 40 to 80 µε for girder 4.  

However, one strain gage on girder 2 and one strain gage on girder 4 measured an 

inconsistent trend of expansion ranging from 100 to 150 µε. 

Sister-bar strain data at the approach slab on abutment 1 are presented in Figure 3.52.  

Sister bar gages measured changes in compressive strain ranging from 80 to 130 µε 
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during the early life of the approach slab, indicating shrinkage effects. Thereafter, a more 

gradual effect was observed in the four instruments, primarily attributed to seasonal 

temperature changes. 
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3.5 BRIDGE 109 MONITORING RESULTS 

This section presents field data obtained from bridge 109 instruments consisting of 5 

extensometers, 5 pressure cells, 8 tilt meters, 24 strain gages on 4 piles, 16 strain gages 

on 4 prestressed concrete girders, and 6 sister bar gages.  HP piles for abutment 2 were 

driven on September 2005 and strain gage measurements were regarded as initial zero 

values.  Thus, east and west piles of abutment 2 were measured in September, October 

and November 2005.  Piles for abutment 1 were driven on December 2005 and strain 

gages on the west and east piles of abutment 1 were read in December 2005 and February 

2006.  Axial forces and weak-axis bending moments for each pile were computed based 

on the strain gage measurements and presented in Table 3.1.  It is noted that Channel 1-2 

strain gage on the east pile of abutment 2 was damaged after driving and no moment data 

were available. 
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Table 3.1: Measured Data of Bridge 109 

After Placing 
Abutment (1) 

After Placing 
Abutment (2) 

Abutment Pile Location Depth Axial 
Force 
(kips) 

Weak-
Axis 

Bending 
Moment 
(ft-kips) 

Axial 
Force 
(kips) 

Weak-
Axis 

Bending 
Moment 
(ft-kips) 

Bottom 7'-9" 8.12 5.95 N/A N/A West 
Pile Top 0'-9" 10.13 3.45 N/A N/A 

Bottom 8'-8" -4.55 0.32 N/A N/A 

Abutment 
1 

East 
Pile Top 1'-8" -0.03 -0.78 N/A N/A 

Bottom 9'-3" -7.15 0.83 -9.53 0.78 West 
Pile Top 2'-3" -3.25 -0.11 -4.45 0.04 

Bottom 8'-3" -5.41 N/A -8.15 N/A 

Abutment 
2 

East 
Pile Top 1'-3" 0.45 -0.80 -1.23 -0.84 

 

3.6 CONCLUDING REMARKS 

IA bridges 203, 211, 222 and 109 have been instrumented and monitored since 

November 2002, September 2004, November 2003, and September 2005, respectively.  A 

total of 64 gages were mounted for bridges 203, 211 and 109 and a total of 48 gages were 

mounted for bridge 222 to investigate daily and seasonal thermal response of IA bridges. 

A general trend of extensometers had a ratcheting effect. Gage reads of top extensometers 

fluctuated widely compared to those of bottom extensometers. An obvious trend of 

pressure cells was for the top and bottom within an abutment to maintain a constant gap 

between top and bottom pressure results.  The constant difference between pressure cells 

was not as large as expected. This may be because the upper backfill soil is subjected to 
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higher pressure when a bridge expands. However, the lower backfill soil is subjected to 

higher pressure when a bridge contracts. Thus, pressures of top extensometers tend to 

fluctuate widely compared to those of bottom extensometers. Also, daily thermal 

expansion and contraction effect was very sensitive compared to other gage reads. The 

rotation of tilt meters on interior girders or abutments produced well-matched results to 

extensometers and strain gages. However, the rotation of tilt meters on exterior girders 

tended to vary in a narrow range but keep increasing. This tilt meter result was highly 

dependent on each bridge’s geometries. Abutment rotations produced different rotations 

compared to girder rotations because the construction joint between the backwall and 

abutment below the girder seats was expected to rotate. Pile moments generally ranged 

within pile-moment capacity for bridges 203, 211 and 222. However, bridge 211 had the 

largest abutment displacement. The first year abutment displacement of bridge 211 was 

similar to third-year abutment displacement of bridge 203, although bridge 211 had a 

total 114-ft single-span length and bridge 203 had a total 172-ft three-span length. Also, 

pile moments are expected to be related to abutment height because bridge 222 (single 

span 62-ft length) produced the lowest abutment displacement and pile moments. Axial 

forces of foundation piles had well-matched trends to each other and fluctuated in a small 

range. Strain gages on girders produced well-matched results to abutment rotation and 

girder rotation. However, it is difficult to determine general behavior of exterior and 

interior girders and awkward variations of a strain gage that fluctuate widely while other 

gages on other girders do not range widely were observed. This fact implies that each 

girder is subjected to different backfill earth pressures or abutment distortions. Sister bar 

gages in approach slabs had a significant decrease at the beginning period due to creep 
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and shrinkage and superstructure contraction. As observed in extensometers, the decrease 

of sister bar gages was not recovered to the original location. 
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CHAPTER 4 

NUMERICAL MODELING 

 

4.1 Introduction 

This chapter presents details of the ANSYS numerical modeling for bridges 203, 211, 

222, and 109. Due to the presence of structural continuity inherent to IA bridges, the 

complexity of numerical modeling commonly employed in conventional bridges is 

increased, requiring additional considerations: 

• Time-dependent effects, 

• Soil/structure interaction, and 

• Abutment/backwall joint. 

Methodologies to incorporate these three aspects are the primary focus of this chapter. 

Time-dependent effects consist of creep, shrinkage, and steel relaxation. Soil models are 

required to account for interaction between the soil and piles and soil and abutments. The 

abutment to backwall joint, depending on construction, may deform significantly into the 

inelastic region in the case of long length bridges. Model details of this particular joint 

were, therefore, incorporated into the numerical model here. 

Chapter 4 is organized into three subsections with respect to the three issues listed 

above. Section 4.2 discusses the age-adjusted effective modulus (AAEM) method as an 

effective method of incorporating time-dependent effects. Section 4.3 describes soil 

models representing soil-structure interaction behaviors. And Section 4.4 presents a joint 

model representing abutment/backwall joint behavior. 
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4.2 TIME-DEPENDENT EFFECTS 

Time-dependent effects in IA bridge analysis are the result of a combination of creep, 

shrinkage, and steel relaxation found in all prestressed concrete structures. These effects 

cause short- and long-term length instability of a superstructure component, producing 

secondary effects and displacements at the abutments and piles. Therefore, time-

dependent effects must be included in numerical models for accurate movement 

predictions.  

For the present research, ACI Committee 209 (2004) recommendations were utilized 

to predict creep and shrinkage of prestressed elements. In order to incorporate time-

dependent effects into the numerical models, AAEM, based on a time-varying concrete 

modulus, was utilized because it is capable of solving all common time-dependent effect 

problems (Neville et al., 1983; Jirásek and Bažant, 2001). Creep and aging coefficients 

taken from ACI Committee 209 (2004) were used as a key parameter to obtain such a 

time-varying concrete modulus. In addition, time-dependent strains can be determined 

using the AAEM method and were consequently imposed on the superstructure 

component by means of an equivalent temperature loading. An equation of intrinsic 

relaxation in prestressing steel recommended by AASHTO LRFD (2004), was also 

incorporated into the numerical models. 

 

Creep 

Creep is a well-known phenomenon in concrete members, normally separated into two 

components: basic creep and drying creep. Basic creep occurs in a condition where 
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moisture is constantly controlled. An uncontrolled condition leads to a drying creep that 

allows moisture in concrete to diffuse to the environment. 

Most specifications, including ACI 209, use a dimensionless term referred to as the 

creep coefficient, ),( ottϕ , to characterize creep (both basic and drying creep). The creep 

coefficient is defined as the ratio of load duration, ott − , to the initial elastic strain at time 

ot . Therefore, the total strain can be expressed as (Jirásek and Bažant, 2001): 
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where )(tε  is a total strain at time t, )( otσ  is an initial stress at time ot , )( otE is a 

concrete modulus of elasticity at time ot , and ),( ottϕ  is a creep coefficient at time t 

corresponding to the age at loading ot . Figure 4.1 presents a sample creep coefficient 

curve based on bridge 222 girder properties. 
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Figure 4.1. Creep Coefficient (Bridge 222) 
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Another important issue related to creep is the effect of varying stress on creep 

behavior. AAEM incorporates this effect by using a simplified aging coefficient )t,t( oχ . 

ACI Committee 209 (2004) includes a provision for computing this coefficient in a table 

format. Figure 4.2 presents a sample of the aging coefficient based on bridge 222 girder 

properties. The procedure used to incorporate creep and aging coefficients into numerical 

models is discussed later in this chapter. 
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Figure 4.2. Aging coefficient (Bridge 222) 

Shrinkage 

Total shrinkage in concrete members is composed of four types: carbonation shrinkage, 

plastic shrinkage, autogenous shrinkage, and drying shrinkage. A detailed discussion of 

each shrinkage type is presented in Jirásek and Bažant (2001). Figure 4.3 presents 

shrinkage strain based on ACI Committee 209 (2004) and bridge 222 girder properties. 
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Figure 4.3. Shrinkage Strains (Bridge 222) 

Relaxation of Prestressing Steel 

Compared to creep and shrinkage, relaxation of prestressing steel is more readily 

predicted with accuracy. An equation of intrinsic relaxation in AASHTO LRFD (2004) 

for low-relaxation strand is expressed as: 

 

( ) ( )[ ]
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pjo
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=Δ 55.0

40
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     4.2 

 

where t  is time at the end of the time interval in days, ot  is time at the beginning of the 

time interval (days), pjf is stress in the prestressing steel at jacking (ksi), and pyf  is a 

specified yield strength of prestressing steel (ksi). 

The intrinsic relaxation occurs under a condition where constant strain is imposed to 

the strand. For a prestressed concrete member immediately after transfer, the condition of 

constant strain no longer holds due to the effects of elastic shortening, creep and 

shrinkage. As a result, reduction of the intrinsic relaxation must be made and can be 
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simplified by applying a dimensionless coefficient of reduced relaxation, rχ . The 

reduced relaxation RfΔ  is given as: 

 

RErR ff Δ=Δ χ           4.3 

 

An equation approximating χγ , taken from Ghali et al. (2002), is expressed as: 

 

( )[ ]Ω+−= λχ 3.57.6expr         4.4 

where λ  = 
stresstensilesticcharacteri

sferafter trany immediatel stress steel , and 

 Ω  = 
sferafter trany immediatel stress steel

relaxation intrinsic - change prestress total  

 

It can be observed that the total prestress change is required for the calculation of χγ ; 

however, this is not normally known in advance. Thus, it is imperative that an iterative 

procedure be employed in determining the coefficient of reduced relaxation. 

 

Age-Adjusted Effective Modulus Method 

There are several methods of analysis for time-dependent effects, including effective 

modulus method, rate of creep method, rate of flow method, improved Dischinger 

method, and age-adjusted effective modulus method (Neville et al., 1983). Among these 

methods, the AAEM method is the most widely accepted because it is capable of solving 

all common time-dependent problems with excellent agreement with more sophisticated 

step-by-step solutions (Neville et al., 1983; Jirásek and Bažant, 2001). 
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The derivative of aging coefficient, χ , and the basic equation of AAEM are taken 

from Jirásek and Bažant (2001). The basic AAEM equation is: 
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with notation consistent with Equation 1.1: ( )ottE ,  is the age-adjusted effective modulus 

of concrete, ( )tσ  is total applied stress at time t, χ  is an aging coefficient at time t 

corresponding to the age at loading ot , and ( )oshsh tt ,,ε  is a total shrinkage strain at time t.  

A more detailed discussion of the AAEM method is available in Ghali et al. (2002). 

AAEM analyses for bridges 203, 211, 222, and 109 are presented in Appendix A. 

The time-dependent strains at the top and bottom girder fibers for bridge 222 are 

presented in Figures 4.4 and 4.5, respectively. Three graphs corresponding to 174, 365, 

and 36,500 days after the concrete deck was poured are presented. For reference, the 

concrete bridge deck was placed at the 171st day. 
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Figure 4.4. Strain at Top Fiber of Bridge 222 Girder 
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Figure 4.5. Strain at Bottom Fiber of Bridge 222 Girder 

 

An unrestrained longitudinal boundary condition was assumed to analyze the time-

dependent strains presented above. In order to account for effects of force redistribution 

due to structural continuity and support restraint to longitudinal movement, an analysis of 

time-dependent effect for statically indeterminate structures was investigated. 

 

Time-Dependent Effects in Indeterminate Structures 

Superstructure end restraint conditions prevent free contraction due to time-dependent 

effects. Longitudinal restraint causes time-dependent strains to develop in the girders. 

The force or displacement method is usually employed to solve this type of structural 

problem. The displacement method was used for the present study.  The stiffness matrix 

based on the AAEM method is a time-dependent matrix as a result of replacing a typical 

elastic modulus by a time-dependent age-adjusted effective modulus ( )ottE , . In order to 
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determine the force vector, an additional procedure is required. Time-dependent strains 

are converted to an equivalent temperature loading for constructing the force vector. 

 

4.3 SOIL MODELS 

Soil models are required to represent nonlinear and path-dependent responses of soil 

materials subjected to cyclic movement. In addition, compatibility of soil and structure 

deformations/strains to corresponding forces/stresses (soil-structure interaction) must be 

maintained in soil models at any instant of time. Soil-structure interaction is distinguished 

by two components: soil-pile interaction and soil-abutment interaction. 

The modulus of subgrade reaction is widely used in analyzing a wide range of 

geotechnical applications such as foundations, retaining walls, and laterally loaded piles. 

A linear Winkler spring is usually employed for soil-abutment interaction. The p-y curve 

spring, known as a nonlinear Winkler spring, is more widely used for soil-pile 

interaction. In the present study, the p-y curve and a linear Winkler spring with upper and 

lower limits taken from classical earth pressure was adopted for soil-pile interaction and 

soil-abutment interaction, respectively. 

 

Soil-Pile Interaction 

Soil-pile interaction involves an interaction between piles and the surrounding soil. In the 

case of an IA bridge, soil resistance responding to bridge expansion is not the same as 

that of bridge contraction due to unsymmetrical soil geometry. Soil resistance developed 

under bridge contraction is generated by a small soil overburden and downhill slope on 

the bridge side of the abutment and is less than the soil resistance developed under 
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expansion generated by a high soil overburden on the approach side of the abutment. 

These unequal soil resistances are one of the most important sources producing unequal 

structural responses between expansion and contraction cases. 

A method based on p-y curves (Reese, 1984) was used for the soil-pile interaction 

modeling. This method was originally developed using finite difference techniques to 

solve an approximate solution of the 4th order governing equation based on the modulus 

of subgrade reaction approach. The substitution of nonlinear p-y curve springs on the 

governing equation was performed herein rather than incorporating a traditional linear 

Winkler spring. An iterative solver was then implemented to achieve the transition. 

In the present study, p-y curves were modeled using ANSYS element COMBIN39; 

therefore, validation against COM624P was completed to confirm the accuracy of this 

approach. Figures 4.6 and 4.7 present a sample of p-y curves (in dashed lines) generated 

from COM624P. Soil parameters were taken from the bridge 222 soil profile for clay 

above the water table and sand, respectively (See Chapter 5 for soil profile). The multi-

linear curves (in solid lines) represent a nonlinear soil spring in ANSYS. 
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Figure 4.6. p-y Curve at Pile Head - Clay above Water Table (Bridge 222) 
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Figure 4.7. p-y Curve at 11.5 ft below Pile Head - Sand (Bridge 222) 
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An analysis test case was evaluated using the pile geometry and soil profile of bridge 

222. A lateral force of 5 kips that produces a working displacement range of the actual 

structure and a free end boundary condition were applied at the pile head. COM624P and 

ANSYS comparisons of lateral displacements versus depth, bending moments versus 

depth, and shear forces versus depth are presented in Figures 4.8 through 11. 
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Figure 4.8. Lateral Displacement due to 5-kip Load at Pile Head (Bridge 222) 
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Figure 4.9. Pile Bending Moment due to 5 kip Load at Pile Head (Bridge 222) 
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Figure 4.10. Pile Shear Force due to 5 kip Load at Pile Head (Bridge 222) 
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ANSYS predictions of pile behavior are similar to COM624P with a difference of 3.9, 

0.1, and 1.5 percent for maximum lateral displacement (at the pile head), maximum 

bending moment (at about 30 inches below the pile head), and maximum shear (at the 

pile head), respectively. Element length in the ANSYS model is relatively coarse (6 

inches) compared to the length used in COM624P (1.2 in). Therefore, differences in 

moments and shears at a depth of approximately 10 ft are expected to appear where a 

short distance of two adjacent inflection points occurs. 

The unrecoverable characteristics of soil must also be considered when soil is 

subjected to cyclic loading. Modifications to the original p-y curves (Reese, 1984; and 

Wang and Reese, 1993) were proposed by several researchers (e.g., Boulanger, 1999; Lin 

and Liao, 1999; and Taciroglu et al., 2003). Among the proposed models, an elasto-

plastic p-y curve proposed by Taciroglu et al. (2004) has proven to be numerically robust 

and was adopted herein. ANSYS COMBIN39 is capable of incorporating the elasto-

plastic behavior by generating an unloading branch utilizing classical plasticity theory. A 

qualitative diagram of the elasto-plastic p-y curve is presented in Figure 4.11. 
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Figure 4.11. Qualitative Diagram of Elasto-Plastic p-y Curve 
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Soil-Abutment Interaction 

The abutment backfill beneath the approach slab effectively interacts with the abutment 

and backwall. As the abutment and backwall moves away from the backfill (thermal 

contraction), active earth pressure will develop. When the abutment and backwall moves 

toward the backfill (thermal expansion), soil resistance gradually increases up to the 

passive earth pressure in the event of large displacements. Figure 4.12 presents a typical 

variation of earth pressures with respect to abutment and backwall displacement. 
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Figure 4.12. Qualitative Lateral Earth Pressure at the Abutment and Backwall 

 

It is recognized that active earth pressure is reached rapidly (Delattre, 2001) and passive 

pressure will only occur with very large deformation. Therefore, upper and lower 

thresholds representing passive and active earth pressures are typically included, as 

depicted in Figure 4.12. 

The prediction accuracy of soil-abutment interaction pressures relies primarily on 

the determination of the coefficient of lateral subgrade reaction, kh. In the present study, 
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the coefficient of lateral subgrade reaction was determined from the slope of lateral 

displacements versus pressures obtained from pressure cell data. According to Boulanger 

et al. (1999), stiffness of gravel soil material typically used as backfill is generally 

proportional to the square root of confinement. Thus, the equation of kh at any depth z is 

expressed as: 
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where href is a reference depth measured from soil surface to the pressure cell elevation 

and z is a depth of the interested elevation.  

Figure 4.12 was used as the spring model in ANSYS COMBIN39 elements for 

numerical models. In addition, similar to the soil-pile interaction case, COMBIN39 also 

allows an unloading branch to be generated based on classical plasticity theory in order to 

represent unrecoverable soil properties. 

 

4.4 ABUTMENT/BACKWALL JOINT 

The joint at the abutment and backwall is a common detail found in IA bridge 

construction. Steel reinforcement bar details of this joint vary from state to state. The 

PennDOT standard IA joint detail specifies a U-shape #5 bar at 10 inches. This 

reinforcement is much less than the reinforcement provided in the abutment and will 

develop significant rotation between the two connected elements. Although the 

abutment/backwall joint is assumed to behave as a perfectly rigid connection, it has been 
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observed to behave otherwise due the cold joint condition and the lack of rotational 

stiffness. Investigating the PennDOT standard abutment/backwall detail, Paul (2003) 

demonstrated that strength and initial joint stiffness obtained from calculated moment 

curvature are much lower than those calculated for abutments. An elasto-plastic model 

was also proposed by Paul. 

In order to evaluate abutment/backwall joint and abutment stiffness, moment 

curvature relationships were developed, as presented in Figure 4.13. Strain compatibility 

and Whitney’s equivalent stress block were used to compute all ultimate moment 

capacities. Due to restraint by girders, the reinforcement and the effective width of  
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Figure 4.13. Moment-Curvatures of Abutment/Backwall Joints and Abutment Members 

 

concrete, the expansion and contraction loading cases were not the same. The rotational 

strength and stiffness (by means of initial slopes) of the expansion case were greater than 
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the contraction by about 20 percent. Additionally, abutment rotational stiffness was 16 to 

20 times that of the joint.  

To convert joint moment-curvature to moment-rotation for element stiffness 

properties in the numerical model, Equation 4.7, based small deformation and constant 

moment over a joint length L, was used (NEHRP Recommended Provisions, 2000; and 

Paul, 2003): 

 

LL
EI
Mdx

EI
ML

φθ === ∫
0

        4.7 

 

According to Paul (2003), a joint length L is associated with a development length of an 

epoxy-coated reinforcement, which is equal to 16 inches based on AASHTO LRFD 

(2004). By assuming a linear variation over the development length and fully mobilized 

tension on reinforcement at one end and zero at the other end, half of this length (i.e., L = 

8 inches) was assumed in the present study. 
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CHAPTER 5 

NUMERICAL MODELS 

 

5.1 GENERAL MODEL DESCRIPTION 

Numerical modeling of the four instrumented bridges was pursued in order to better 

develop IA behavior prediction and, therefore, more accurate designs. Numerical models 

were calibrated to the field-collected data and actual bridge responses.  In addition, 

prediction of IA long-term behavior was desired.  ANSYS version 10.0 was used to 

numerically model each of the four IA bridges.  The three-dimensional (3D) numerical 

models included thermally induced loads and nonlinear behaviors caused by soil-

structure interactions between abutments and foundation piles.  In addition, the 

construction joint between backwall and abutment was modeled as a nonlinear element, 

as discussed in the previous chapter. 

The material used in the numerical modeling was assumed to be homogeneous, 

isotropic.  The critical behavior of IA bridges is significantly dependent on the numerical 

characterization of the soil.  To accurately simulate the soil-structure interaction caused 

by backfill and soils around foundation piles, nonlinear stress-strain curves were adopted 

for soil models and construction joint between backwall and abutment, with linear elastic 

elements used for all other bridge components.  The material properties used in the 

numerical modeling are presented in Table. 5.1. 
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Table 5.1. Material Properties  

Material 
Strength 
(f’c or Fy) 

(ksi) 

Young’s 
Modulus 

(ksi) 

Poisson’s 
Ratio 

Thermal 
Expansion 
Coefficient 
(in/in/ºF) 

Concrete 
(Prestressed Girder) 8.0 5154 0.20 5.0 E-6 

Concrete 
(Class AAA for Deck and 

Backwall) 
4.0 3644 0.20 5.0 E-6 

Concrete 
(Class AA for Parapet and 

Diaphragm) 
3.5 3409 0.20 5.0 E-6 

Concrete 
(Class A for Pier and 

Abutment) 
3.0 3156 0.20 5.0 E-6 

Steel 
(HP Piles) 50 29000 0.3 5.5 E-6 

Elastomer Rubber n/a 0.39 0.4985 n/a 
 

5.1.2 Superstructure 

A 3D numerical model of each bridge was developed to simulate actual IA bridge 

behavior over the life of the structure.  In an effort to retain accuracy but limit model 

complexity, bridge girders, diaphragms, deck slab, and parapets were modeled using 

ANSYS SHELL63 elements, a 3D linear-elastic shell element.  Rigid links using ANSYS 

BEAM4 elements, a 3D frame element, were incorporated into the 3D models to connect 

shell elements located in different planes but connected in the actual bridge.  The model 

mesh density was approximately 12" x 12".  Initial comparisons between a shell element 

model and a solid element model produced similar results. 
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5.1.3 Girder and Diaphragm 

Girder and diaphragms were modeled with shell elements.  Shell elements represent the 

bottom flange and the web of the girder, as shown in Figure 5.1.  This element 

arrangement places a node at the bottom, extreme fiber of the girder, producing direct 

numerical results at strain gauge locations for direct comparison with measure results. 

 

 

Figure 5.1: Cross Section of Bridge Girder (Structure 211) 

 

Prestressing tendons were not included in the numerical models due to the low stress 

and strain levels induced and to limit model complexity to a reasonable level.  In 

addition, prestressing is not a determining parameter for temperature-induced 

longitudinal displacement.  Therefore, girders were modeled without prestressing 

tendons, as presented in Figure 5.2.  Pretension force strongly influences creep and 

shrinkage, however, and this effect was included in the 3D numerical models. 

 

Node 

ANSYS 
SHELL63 

Prestressed 
Girder 

Diaphragm 

ANSYS 
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Figure 5.2: Mesh for Girder and Diaphragm (Structure 211) 

 

5.1.4 Deck Slab and Parapet 

Deck slab as-built transverse and longitudinal elevations were included in the numerical 

model SHELL63 elements.  The deck transverse elevation changes result in abutment 

height changes that affect response.  Longitudinal elevation changes between abutments 

also affect bridge response due to a vertical offset.  The deck slab and parapet numerical 

mesh is presented in Figure 5.3.  Parapets were included in the numerical model using 

SHELL63 elements because it has been widely reported that parapets provide 

longitudinal stiffness in the bridge as well as participation in thermal response.  A rigid 

connection between parapets and deck slab was incorporated because an actual 

connection exists and thermal expansion strains are the same for both. 
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Figure 5.3: Deck Slab and Parapet Mesh 

 

5.1.5 Backwall and Abutment 

SHELL63 elements were used to model the backwall and the abutment, as shown in 

Figure 5.4.  Nodes at the backwall-abutment joint were coupled for x, y, and z 

translations and x and y rotations.  Z-axis rotation behavior was modeled at the backwall-

abutment joint with a bi-linear, z-axis, rotational spring using ANSYS COMBIN39 with 

properties as presented in Figure 5.5.  The bi-linear moment versus rotation relationship 

for the backwall-abutment joint was developed based on as-built reinforcement details 

and concrete strength (see Figure 5.6).  The rotational property of this construction joint 

was determined based on the unit length property in Figure 5.7 and node spacings. 
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5.1.6 Soil-Abutment Interaction 

To include soil-abutment interaction in the numerical model, a bi-linear, Winkler spring 

model was developed as described in Chapter 4.  The Winkler spring model has been 

widely used to evaluate a range of soil-structure interaction problems such as structures 

on elastic foundations, retaining walls, and laterally loaded piles (Dicleli, 2000, 2003, 

2004 and 2005; Faraji et al., 2001; Koskinen, 2003).  The bi-linear Winkler spring is 

represented by the ANSYS COMBIN39 element.  COMBIN39 is a one-dimensional 

element  with characteristics of a nonlinear (multi-linear) force versus deflection diagram. 

 

 

 

Figure 5.4: Abutment and Backwall Mesh (Bridge 222) 

 

Abutment

Backwall
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Figure 5.5: Backwall-Abutment Joint 
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Figure 5.6: Abutment Joint Rotational Stiffness 
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Figure 5.7: COMBIN39 Rotational Stiffness 

 

An equivalent hydro-static pressure corresponding to the backfill depth was applied to the 

backwall and abutment to represent at-rest soil backfill pressure (see Figure 5.8).  In 

numerical modeling, ANSYS COMBIN39 input properties require the lateral earth 

pressure variation diagram in Figure 4.13 to be represented in the first and third quadrants 

(i.e., from negative to positive pressures and displacements).  Thus, execution of the 

numerical model analysis was completed in two analysis stages: (1) an initial analysis 

was performed to compute the displacements at each abutment-backfill interaction spring 

due to the at-rest pressure, and (2) the previously computed at-rest displacements were 

applied as initial displacements for abutment-backfill interaction springs and then at-rest 

soil pressure and temperature load applied.  This procedure resulted in the abutment-

backfill interaction spring being in the zero-force state but the abutment being subjected 

to the at-rest pressure.  The abutment-backfill interaction spring property was computed 

based on the average area of SHELL63 elements that were connected to the interaction 
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spring node.  Four selected bi-linear abutment-backfill interaction spring properties are 

presented in Figure 5.9.   

 

 

Figure 5.8: At-Rest Pressure Application (Bridge 211) 
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Figure 5.9: Soil-Abutment Spring  
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5.1.7 Foundation Piles 

Piles and adjacent soil were modeled using BEAM4 and COMBIN39 elements, 

respectively.  Nonlinear springs, developed based on p-y curves, were included as 

COMBIN39 elements to represent soil-pile interaction.  Pile boundary conditions were 

rigid attachment to the abutment at the top and vertical translation restraint at the bottom 

bedrock layer.  P-y curves were generated at each node position based on the American 

Petroleum Institute (API), with nonlinear soil springs at the pile function in the 

longitudinal direction only against superstructure expansion and contraction.  However, 

different lateral earth pressures were induced depending on the expansion and contraction 

of the IA bridges because backfill behind the abutment was considered as overburden 

loads.  Therefore, different spring properties were used for the cases: (1) a pile moves 

toward backfill and (2) a pile moves away backfill.  An example p-y curve inputted in 

COMBIN39 is presented in Figure 5.10.  Upper and middle pile elements were meshed in 

3-inch and 6-inch segments, respectively, as the significant displacement and rotation 

gradiets were expected in this region.  The lower pile elements were meshed at 12 inches.  

Also, the average pile length was modeled because pile behavior beyond approximately 

20 ft did not affect the lateral resistance of the pile. 
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Figure 5.10: P-y Curve Example 
 

5.2 THERMAL LOADS 

Thermal loads are significant in determining IA bridge behavior and response because the 

expansion and contraction of the superstructure transfers large longitudinal forces to the 

abutments.  The primary measure of thermal loading on IA bridges is the ambient air 

temperature (Emerson 1977).  In addition, bridge component temperature is dependent on 

secondary factors such as solar radiation, wind, precipitation, and heat conductivity 

(Arsoy 1999). 

Temperature variations applied to the numerical models were based on the ambient 

temperature collected at the weather station.  Ambient temperature data collected from 

September 2002 to January 2006 are presented in Figure 5.11.  Because the bridge 

represents a significant thermal mass, the diurnal ambient temperature is not reflective of 

Toward Backfill 
Away from Backfill 
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the actual bridge temperatures.  Hence, the 7-day mean temperature was computed and 

applied as the thermal load in the numerical models. 

Temperature loading was mathematically represented as a sine function with a one-

year period, defined as: 

 

 
where Tm = mean temperature, A = amplitude of temperature fluctuation, ω  = frequency, 

t = analysis time (days), and φ  = phase lag (radians). 
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Figure 5.11: Weather Station Ambient Temperature 
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5.3 BRIDGE 109 MODEL 

Numerical models were assembled using the elements described above.  Prestressed 

concrete girders, deck, intermediate diaphragms, backwalls and abutments were modeled 

using SHELL63 elements and piles were modeled with BEAM4 elements.  Each Winkler 

spring representing soil at the abutment and pile utilized COMBIN39 elements.  The 

horizontal construction joint between the backwall and the abutment was included in the 

model using COMBIN39.  A view of the completed bridge 109 numerical model is 

presented in Figure 5.13. 

 

 
Figure 5.13: Completed Structure 109 Numerical Model 

 

To limit the numerical model size for bridge 109, the middle two spans employed a 

larger element aspect ratio.  Spans 2 and 3 element aspect ratios are approximately 13:1 
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for deck and girder elements.  A larger aspect ratio may affect analysis results; however, 

the aspect ratio used did not produce significant differences in results when compared to 

more densely meshed models for the same bridge. 

The numerical modeling of piles closely matches actual constructed conditions.  Piles 

are rigidly attached to the abutment with a pin restraint at the pile tip.  Soil-pile 

interaction springs were modeled using COMBIN39 based on active and passive soil 

pressure theory and traditional p-y relationships.  The pile mesh for beam elements is 6" 

at the top soil layer and 12 inches below to the tip (see Figure 5.16). 

Piers were modeled with SHELL63 elements and rotation and translation fixed at the 

base, as shown in Figure 5.17.  Elastomeric pier bearings were modeled as 3-inch-long 

beam elements with assigned shear modulus of elasticity modified to represent the low 

shear stiffness of the bearing.  The axial modulus was increased to an effective 

compressive modulus of elasticity (Ec) to include the effect of embedded steel shims, 

computed using Equation 5.2 (AASHTO): 

 

 
A modification method to include Ec in a numerical analysis using equivalent area and 

moment of inertia and can be expressed as: 

 

 

Ec = 6GS2 5.2 

E
E

AA c
bearinge =  5.3 

   

E
HGA

I bearing
e 12

2

=  5.4 



 137

where Ae = equivalent area, Abearing = actual area of bearing pad, E = elastic modulus of 

bearing pad, G = shear modulus of bearing pad and H = thickness of bearing pad.  

Elastomeric bearing pad properties for Structure 109, including equivalent area and 

elastic modulus, are presented in Table 5.2. 

 

 
Figure 5.16: Bridge 109 Abutment and Piles 
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Figure 5.17: Bridge 109 Pier 

 

Table 5.2 Bridge 109 Elastomeric Bearing Properties 
 

Component 
Elastic 

Modulus 
(ksi) 

Poisson's 
Ratio 

Thermal 
Expansion 
Coefficient 
(in/in/oF) 

Area 
(in2) 

Inertia 
(in4) 

Bearing at abutment 
1 and 2 (Typ.) 0.39 0.4985 - 28,046 57.1 

Bearing at piers (Typ.) 0.39 0.4985 - 42,108 70.4 
 

5.4 BRIDGE 203 NUMERICAL MODEL 

The numerical model developed for bridge 203 consists of three spans and follows the 

same element modeling scheme as bridge 109.  Details of the numerical modeling can be 

found in Laman et al. (2003).  Properties of SHELL63 elements used in piers, abutments 
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and deck are presented in Table 5.3.  Element material properties are as presented in 

Table 5.1. 

Bridge 109 is unique among the four instrumented bridges in that abutment 1 is 

supported on rock and abutment 2 is supported on piles and constructed as a standard 

PennDOT integral abutment.  Reflecting the actual construction, abutment 1 foundation 

element boundary conditions consist of restrained translation, effectively fixing the 

abutment against all rotations and translations.  Abutment 2 is modeled in the same 

manner as the abutments for bridge 109.   

Figure 5.18: Complete Bridge 203 Numerical Model 
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5.5 BRIDGE 211 NUMERICAL MODEL 

The numerical model developed for bridge 211 consists of one span and follows the same 

element modeling scheme as bridge 109.  Details of the numerical modeling can be found 

in Laman et al. (2003).  Element material properties are as presented in Table 5.1. 

X

Y

Z

 
Figure 5.22: Complete Bridge 211 Numerical Model 
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5.6 BRIDGE 222 MODEL 

The numerical model developed for bridge 222 consists of one span and also follows the 

same element modeling scheme as bridge 109.  Details of the numerical modeling can be 

found in Laman et al. (2003).  Element material properties are as presented in Table 5.1. 

 

X

Y

Z

Figure 5.24: Structure 222 Numerical Model 
 

 4 Prestressed concrete girders were modeled with SHELL63 elements and rigidly 

connected to abutment backwalls.  Deck and parapets were also modeled with SHELL63.  

Deck slabs were attached to girders using rigid link (BEAM4) and located at the mid-
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thickness of deck slab.  Parapets were rigidly connected to deck and each parapet 

segment was connected to the adjacent parapet with the restraint of all translation.  Both 

abutments were composed of SHELL63 and located at the mid-thickness of the 

abutments (see Figure 5.25).  Both abutments were rigidly connected and rested on nine 

steel HP piles.  The back face of both abutments was laterally supported by soil-abutment 

interaction spring (see Figure 5.24).  Steel HP12x74 piles were continuously modeled 

with 6-inch length for the top soil layer and 12-inch length for the rest of the soil layer 

using BEAM4 elements (see Figure 5.25).  Nonlinear soil-pile springs attached to the 

piles laterally supported the HP piles and boundary conditions of vertical restrained 

translation were applied to supporting piles.  
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CHAPTER 6 

NUMERICAL MODELING RESULTS AND DISCUSSION 

 

Numerical model prediction results are an important aspect of the present study.  

Included herein are results of model predicted responses for bridges 203, 211, 222, and 

109.  A discussion of the numerically derived responses as compared to measured 

response is also presented.  Comparisons between predicted and measured response were 

performed at all instrument locations for each instrumented bridge.   (Field data were not 

available for bridge 109 at the time of publication of this report.)  Measured pile axial 

strain and approach slab strain were not included due to the exclusion of dead load and 

approach slab components in the numerical models.  Dead load effects have been omitted 

because this effect could not be recorded by the majority of the instruments that were 

installed after dead load deformations occurred.  Also, strains observed from the 

approach slab indicate that the restraint offered by the slab was not significant relative to 

the forces developed in the backfill and the piles; therefore the complexity of numerically 

modeling the approach was not warranted. 

Predicted and measured bridge response is presented in graphic format consistent 

with Chapter 3.  All predicted responses derived from numerical models were taken 

directly from nodes/elements pre-placed at corresponding instrument locations.  All 

graphical presentations of predicted and measured responses are superimposed so as to 

facilitate comparison and discussion. 
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6.1 BRIDGE 203 MODELING RESULTS AND DISCUSSION 

Predicted and measured longitudinal abutment displacements at the three 

extensometers are presented in Figure 6.1. For the purposes of accurate comparison, the 

values of measured and predicted data were initialized with identical starting point 

established.  This adjustment was required due to constraints on field instrumentation 

imposed by construction sequences that did not allow the measured data to have the same 

zero starting point and the numerical models. 

It can be observed from Figure 6.1 that predicted displacements for the top corner and 

bottom extensometer locations were on the order of 0.918 and 0.821 R2 values, 

respectively, compared to the corresponding observed displacements. A similar 

contraction trend of the abutment was observed from the predicted and observed 

displacements for the top corner and bottom extensometer locations. However, a different 

trend was observed from the predicted and observed displacements for the top center 

extensometer. The top center extensometer measured an expansion trend, while the 

corresponding predicted displacements showed a contraction trend with a calculated R2 

value of 0.702. As indicated from the predicted displacements for both top extensometer 

locations, the abutment behaved in a rigid body motion with respect to the transverse 

bridge dimension; however, the observed displacements imply the opposite abutment 

behavior. 

Predicted earth pressures from the numerical model versus observed earth pressures 

from the three pressure cells are presented in Figure 6.2. As can be observed from Figure 

6.2, all predicted pressures showed the same trend as the observed pressures with 

calculated R2 values of 0.861, 0.915, and 0.897 for the top corner, top center, and bottom 
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pressure cells, respectively. The predicted pressures for both top pressure cells were 

similar, indicating rigidity of the abutment in the transverse dimension. However, the 

amplitude of the observed pressures for the top center pressure cell was approximately 

1.5 times greater than the amplitude of the observed pressures for the top center pressure 

cell. These differences in observed pressures indicate relatively flexible abutment in the 

transverse dimension. 

Predicted relative rotations of the abutment-backwall connection from the numerical 

model versus relative rotations calculated from the four sets of collected tilt meter data 

are presented in Figure 6.3. A relative rotation is theoretically equal to zero if the 

abutment and backwall are rigidly connected. However, it can be observed from the tilt 

meter data that all relative rotations were not zero, indicating rotational flexibility of the 

abutment-backwall connection. For the purpose of trend comparisons, the initial relative 

rotations from both numerical model and tilt meters were set to zero in order to compare 

only changes in rotations. As can be derived from Figure 6.3, the predicted relative 

rotations for the four girder locations showed a similar trend and magnitudes of relative 

rotations. A result comparison between the predicted and observed relative rotations for 

girder 4 yields a similar trend. For result comparisons at the locations of girders 2 and 3, 

the difference trends and smaller predicted relative rotation variations at about 3 times are 

observed, indicating that the observed rotational stiffness of the abutment-backwall 

connection is more flexible than predictions at the center abutment section. For a result 

comparison at the girder 1 location, the difference trend and greater predicted relative 

rotation variation at about 2.3 times are observed, indicating that the predicted rotational 

stiffness of the abutment-backwall connection is more flexible than observation. 
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Predicted pile moments about the weak bending axis from the numerical model 

versus calculated moments from the three sets of collected strain gage data on the west 

pile and the one set of collected strain gage data on the east pile are presented in Figures 

6.4 and 6.5, respectively. The predicted and observed moments on the west pile at depth 

= 2΄-5˝ showed a similar overall trend of continuous contraction; however, the initial 

value of the observed moments is greater than the initial value of the predicted moments 

because effects of geometry and material imperfections (pile crookedness, pile 

orientation, pile location, vertical pile alignment, and soil properties), which lead to 

additional eccentric and p-delta moments, were not considered in the numerical model. 

For a result comparison on the west pile at depth = 6΄-5˝, the predicted moments revealed 

an inflection point between depth = 2΄-5˝ and depth = 6΄-5˝ but the observed moments 

showed no moment reversal. For result comparisons on the west pile at depth = 11΄-5˝ 

and on the east pile at depth = 13΄-3˝, the very small variations of the predicted and 

observed moments were all observed due to the location near the fixity point. 

Predicted girder strains from the numerical model versus observed girder strains from 

strain gages installed on all four girders are presented in Figure 6.6 through Figure 6.9. 

Similar to the extensometer case, the initial values of the observed strains did not account 

for effects of creep and shrinkage at the first 40 days due to constraints of the 

instrumentation schedule as well as effects of at-rest earth pressures. However, these 

effects are fully incorporated into the numerical model. As a result, it can be observed 

that the overall predicted strains showed compressive magnitudes greater than the overall 

strains obtained for the field data. For result comparisons of the predicted and observed 

strains at end-span top strain gages, the opposite trends but similar strain variations were 
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observed for all four girders. For result comparisons at end-span bottom strain gages, the 

same trends were observed but the predicted strain variations averaged 3.9 times greater 

than the observed strain variations for all four girders. For result comparisons at mid-span 

top strain gages of girders 1 and 4 (exterior girders), the predicted strains and observed 

strains showed small variations, indicating the strain gage location near the elastic neutral 

axis of composite section. For result comparisons at mid-span top strain gages of girders 

2 and 3 (interior girders), however, the strain gages measured magnitudes of strain 

variations much greater than the predicted strain variations. For result comparisons at 

mid-span bottom strain gages, magnitudes of strain variations predicted by the numerical 

model averaged 2.2 times greater than the observed data for all four girders. The overall 

trend of observed mid-span bottom strains at girders 1 and 3 was expansion, inconsistent 

with the overall contraction trend of the observed strains at girders 2 and 4. However, all 

predicted strains showed the overall contraction trend of girder strains. 
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6.2 BRIDGE 211 MODELING RESULTS AND DISCUSSION 

Predicted and measured longitudinal abutment displacements at the two 

extensometers of abutment 1 and two extensometers of abutment 2 are presented in 

Figure 6.10 and 6.11, respectively. For the purpose of accurate comparison, the values of 

measured and predicted data have been adjusted as bridge 203.  

It can be observed from Figure 6.10 that predicted displacements for the top and 

bottom extensometer locations of abutment 1 were in the range between 0.0 and 0.17. 

From Figure 6.11, the predicted displacements for the top and bottom extensometers of 

abutment 2 were in the range between 0.0 and 0.23. A similar contraction trend of the 

abutment was observed from the predicted and observed displacements for the top and 

bottom extensometer locations in both abutments. However, predicted displacements of 

both top extensometers exhibited more significant contraction and expansion 

displacements during winter 2004/2005 and summer 2005, compared to corresponding 

measured displacements.  

Predicted earth pressures from the numerical model and observed lateral earth 

pressures from the two pressure cells on abutment 1 and two pressure cells on abutment 2 

are presented in Figures 6.12 and 6.13, respectively. All predicted pressures produced a 

similar trend as the corresponding observed pressures. During bridge contraction, the 

predicted pressures for both abutments at the pressure cell locations are similar to field-

observed pressures, indicating active failure behavior at each elevation. During bridge 

expansion, the observed pressures for both abutments at the top pressure cell locations 

exceeded even predicted passive failure pressures. This fact may imply that the passive 
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pressure of the backfill soils is increased due to the daily bridge expansion and 

contraction and active failure of the backfill. 

Predicted relative rotations of the abutment/girders from the four sets of collected tilt 

meter data and the numerical model results are presented in Figures 6.14 and 6.15. For 

the purpose of trend comparisons, the initial relative rotations from both numerical model 

and tilt meters have been set to zero in order to compare only changes in rotations. A 

relative rotation is theoretically equal to zero only if abutment and backwall are rigidly 

connected. However, it can be observed that the field observed data were not zero and 

were larger than the predicted, indicating a flexible connection of the abutment/backwall. 

The predicted relative rotations for the four girder locations produced the similar trend 

and magnitudes of relative rotations, except tilt meters at the centerline of girder 3 on 

abutment 1. Relative rotations on abutment 2 were very close to the predicted results as 

presented in Figure 6.15. The predicted relative rotations for girder 1 at both abutment 

ends yielded a similar trend to the observed. However, relative rotation at the centerline 

of girder 3 on the abutment 1 end produced very large and opposite rotation, though the 

predicted relative rotation for both abutment ends was almost zero (see Figure 6.14). This 

abnormal behavior was induced by abutment 1 and girder 3 rotations, as can be observed 

in Figures 3.22 and 3.23 in Chapter 3.  This result implies a large distortion of abutment 1 

while abutment 2 maintains its plane. 

Predicted pile moments about the weak-axis bending from the numerical model and 

instrumented bending moments based on field-collected strain gage data on the north pile 

and south pile under abutment 1 and the north and south pile under abutment 2 are 

presented in Figures 6.16, 6.17, 6.18 and 6.19, respectively. Generally, pile moments at 
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the shallow depth produced larger moments than those at the deeper depth, while piles 

experienced no rapid moment changes that tended to keep moderately increasing. Also, 

the north piles at both abutments produced larger moments than the south piles and the 

moment variations of the north and south pile under abutment 1 were very similar to 

those under abutment 2, respectively. This fact related to the previous rotational behavior 

of the abutment/backwall connection. The pile moments of the numerical model for the 

north pile at depth = 2΄-7˝ predicted a similar trend of the observed data though field 

observed moments included initial moments, due to the imperfections as discussed in 

Section 6.1. For the moments on the north pile at depth = 9΄-7˝ under abutment 1, the 

predicted moments revealed an inflection point between depth = 2΄-7˝ and depth = 9΄-7˝. 

In addition, the pile moments did not fluctuate along with bridge expansion and 

contraction though the field-observed data produced small moment changes. The south 

pile moments at both abutment sides yielded very small moments at both pile top and 

bottom locations. It should be noted that the strain gages on the south pile under abutment 

2 were embedded 6 inches into the abutment concrete, and therefore the moments were 

very small compared to the predicted moments.  

The predicted girder strains from the numerical model and the observed girder strains 

from the strain gages mounted on both ends of all four girders are presented in Figures 

6.20, 6.21, 6.22 and 6.23. As discussed in Section 6.1, it can be observed that the overall 

predicted strains showed compressive magnitudes greater than the overall strains 

obtained for the field data. As a whole, results from girders 1 and 4 (exterior girders) 

matched with each other and results from girders 2 and 3 (interior girders) also matched 

with each other. The predicted strains and observed strains from the top strain gage 
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location showed small variations, while bottom strain gage results maintained plane strain 

variations. As expected from the previous rotational results and pile moment variations, 

the bottom strain gages at abutment 1 varied within the widest range for all four girders 

and the bottom strain gages at abutment 2 had the second widest range. The top strain 

gages of girders 2 and 3 (interior girders) fluctuated along with bridge contraction and 

expansion as the bottom strain gages of all four girders but the top strain gages of girder 1 

and 4 (exterior girders) tended to maintain their moments constantly. 
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6.3 BRIDGE 222 MODELING RESULTS AND DISCUSSION 

Predicted and measured longitudinal abutment displacements at the two 

extensometers on abutment 1 are presented in Figure 6.24, and predicted and measured 

longitudinal abutment displacement at the two extensometers on abutment 2 are 

presented in Figure 6.25.  It can be observed from Figure 6.24 that predicted 

displacements for the top and bottom extensometer locations were on the order of 0.617 

and 0.240 R2 values, respectively, compared to the corresponding observed 

displacements.  It can also be observed from Figure 6.25 that predicted displacements for 

the top and bottom extensometer locations were on the order of 0.261 and 0.011 R2 

values, respectively, compared to the corresponding observed displacements.  The 

predicted rates of overall displacement trends were generally different from the measured 

rates of overall displacement trends, because lag in peak magnitudes of the measured data 

exists. 

Predicted earth pressures from the numerical model versus observed earth pressures 

at the two pressure cells on abutment 1 are presented in Figure 6.26, and predicted earth 

pressures from the numerical model versus observed earth pressures at the two pressure 

cells on abutment 2 are presented in Figure 6.27.  As can be observed from Figure 6.26, 

all predicted pressures showed the same trend as the observed pressures with calculated 

R2 values of 0.861 and 0.948 for the top and bottom pressure cells, respectively.  As can 

also be observed from Figure 6.27, all predicted pressures showed the same trend as the 

observed pressures with calculated R2 values of 0.859 and 0.934 for the top and bottom 

pressure cells, respectively. 
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Predicted relative rotations of the abutment-backwall connection from the numerical 

model versus relative rotations calculated from the two sets of collected tilt meter data are 

presented in Figure 6.28.  As can be derived from Figure 6.28, the predicted relative 

rotations for the two girder locations showed the similar trend and magnitudes of relative 

rotations.  The observed data indicate that the relative rotations at the interior section 

were greater than the relative rotations at the exterior section, which agrees with the 

observed data from bridge 203.  However, the predicted relative rotation variations for 

bridge 222 are much smaller than the observed relative rotation variations, on the order of 

approximately 4 and 10 times for girders 2 and 4, respectively. 

Predicted pile moments about the weak bending axis from the numerical model 

versus calculated moments from the two sets of collected strain gage data are presented in 

Figure 6.29 through Figure 6.32 for the south pile of abutment 1, the north pile of 

abutment 1, the south pile of abutment 2, and the north pile of abutment 2, respectively.  

Generally, the predicted moments at the depth near abutment bases (varied from depth = 

0΄-5˝ to depth = 1΄-7˝) showed a similar trend but a difference in magnitude variations as 

compared to the observed moments.  For deeper depth varied from depth = 6΄-3˝ to depth 

= 7΄-7˝, the predicted moments generally showed the opposite trend but similar 

magnitudes, as compared to the observed moments.  In addition, geometry and material 

imperfections are a result of differences in initial moments between prediction and 

observation. 

Predicted girder strains from the numerical model versus observed girder strains from 

strain gages installed on girders 2 and 4 girders are presented in Figure 6.33 and Figure 

6.34, respectively.  Similar to the bridge 203 case, it can be observed that the overall 
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predicted strains showed compressive magnitudes greater than the overall strains 

obtained for the field data due to differences in initial strains.  For a result comparison of 

all top strain gages except for the gage location of girder 2 near abutment 1, a similar 

trend was observed but the predicted strain variations averaged 4.5 times smaller than the 

observed strain variations for both girders.  For a result comparison of all bottom strain 

gages except for the gage location of girder 4 near abutment 2, a similar trend was 

observed but the predicted strain variations averaged 1.6 times greater than the observed 

strain variations for both girders. 
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6.4 CONCLUDING REMARKS 

ANSYS numerical models of bridges 203, 211, 222, and 109 as well as the field-

collected data for bridges 203, 211, 222 were presented as discussed in this chapter. The 

abutment displacements based on extensometer data from numerical model results and 

field collected data generally matched well. Bottom extensometers of predicted results 

and field data generally produced a contraction trend and larger than top extensometer 

displacements. All pressure cells from prediction and observation showed the same trend. 

However, the field collected data indicated that top pressure cells of all IA bridges 

experienced larger pressures than passive pressures when the IA bridges expanded. For 

relative rotations between girders and abutments, predicted results of exterior girders 

were very similar to the results of interior girders. However, observed data showed that 

interior girders have more relative rotation than exterior girders. Also, the abutment 

distortion was made to develop a general rotational behavior because the relative 

rotations were unexpected rotational behavior results. Pile moments at the depth close to 

abutment bases from prediction and observation showed all contraction trends with a 

similar overall rate of increasing in moments. For deeper depth, very small moment less 

than 5 kips-ft were observed and predicted.  Also, a different inflection point location was 

implied because predicted and observed moment produced opposite sign of moment. 

Girder strains observed from field data were irregular.  Generally, top strain gages 

produced constant strain while bottom strain gages yielded fluctuations of strain variation 

based on both predicted and observed data. 
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CHAPTER 7 

EVALUATION OF PENNDOT IA DESIGN 

 

Predicted behavior of the four instrumented bridges using the PennDOT IA design 

program was evaluated by comparison to the measured behavior obtained from the bridge 

monitoring program.  Bridge parameters taken from design drawings, design calculations, 

and geotechnical reports provided by the engineer of record are used as input to the 

PennDOT program.  All input and calculated output data of the program are presented 

herein for each of the four study bridges.  A summary of the PennDOT program is 

described and evaluated on a design subsection basis.  Comparisons are discussed and 

suggested program improvements are provided, where appropriate, on a bridge-by-bridge 

basis.  Finally, summary comparisons and suggested improvements are provided. 

 

7.1 PENNDOT IA DESIGN PROGRAM DESCRIPTION 

The PennDOT IA design program was developed to aid analysis and design of IA bridge 

piles.  AASHTO LRFD Bridge Design Specification (1994) and PennDOT Design 

Manual Part 4, DM-4 Appendix G (2000) were used for this design program 

development.  There are two additional features incorporated into the PennDOT IA 

program: (1) design of abutment/pile cap reinforcement; and (2) pile design under scour 

conditions. Pile design for scour is not discussed or evaluated herein because the 

geotechnical reports of the four study bridges do not indicate scour problems.   

The PennDOT IA program consists of five main sections: (1) bridge data, (2) integral 

abutment data, (3) load data, (4) pile data, and (5) analysis summary.  The following 
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descriptions of these five sections are limited to the design of abutment/pile cap 

reinforcement and piles under normal conditions. 

The bridge data section allows users to specify girder material, type of girders, and 

bridge superstructure geometric data.  Material options are steel and concrete.  Where 

concrete is specified, an I-girder or spread box girder is listed.  All descriptive geometric 

dimensions are required, including total bridge length, length of integral span, skew 

angle, bridge width, number of girders, girder spacing, girder depth, bearing pad 

thickness, deck and haunch thickness, and parapet height. 

The integral abutment data section requires input of abutment height and wingwall 

length.  Abutment length and width are automatically generated by the program based on 

the PennDOT Standard Drawing (BD-667M) and PennDOT Design Manual (DM-4) 

recommendations.  Data input and generated information in this section are primarily 

used to determine abutment and wingwall dead loads. 

The load data section requires the AASHTO LRFD load modifier, iη , girder 

reactions due to dead loads and live loads, girder end rotations due to composite dead 

loads and live loads, wind pressure, and centrifugal force.  Unfactored dead and live load 

girder reactions and rotations can be obtained from the PennDOT prestressed concrete 

girder design program PSLRFD for input to the program.  Wind pressure and centrifugal 

force are also determined using AASHTO LRFD.  Maximum and minimum factored 

dead load and live load girder reactions are calculated by the program using LRFD load 

combinations.  Maximum and minimum unfactored girder reactions due to effects of 

wind and centrifugal force are also computed. 
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The pile data section requires pile properties, number of piles per abutment, pile 

spacing, pile length, soil resistance factors, pile resistance factors, and unit soil resistance. 

Soil and pile resistance factors are obtained from DM-4 while unit soil resistances must 

be obtained from geotechnical reports.  In addition, a separate, iterative procedure to 

estimate depth to pile fixity must be performed to determine the moment arm and 

resulting axial pile force due to overturning moments of wind force on structure, wind 

force on live load, and centrifugal force.  Normally, COM624P is utilized to determine 

these pile moments.  The final design is performed by checking both geotechnical and 

structural pile axial force limits, axial-moment interaction, ductility, and abutment/pile 

cap reinforcements. 

The analysis summary section repeats all input and reports warnings and errors to be 

addressed, if any.  Critical design results including factored axial force versus axial 

capacities (both structural and geotechnical), and magnitude of axial-moment interaction 

evaluation are also provided. 

7.2 BRIDGE 203 EVAUATION 

The bridge 203 design was not based on the PennDOT IA program.  The design 

philosophy used in the design of bridge 203 was based on load factor design (LFD).  As a 

consequence, the analysis results obtained for this bridge through the LRFD based on the 

PennDOT IA program is not the same as the original design.  In addition to a comparison 

between the PennDOT IA program and field data, a comparison is also presented 

between the original LFD method used and the PennDOT IA program. 

The PennDOT IA program results, complete with input data, are presented below.  

Four sources were used to obtain bridge material and geometric information: (1) design 
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drawings, (2) design calculations, (3) the geotechnical report, and (4) actual pile driving 

records.  The design drawings, design calculations, and geotechnical report were obtained 

from HDR Inc., of Pittsburgh (the design consultant of this bridge).  The average as-built 

pile length was used in the PennDOT IA program, as presented below. 
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An evaluation of the above presented PennDOT IA program output was performed 

through comparisons with field data and bridge 203 original design.  The five program 

design sections were evaluated individually and are summarized in Table 7.1.  Page 

numbers presented in the first column correspond to the program page numbers. 

Table 7.1. Bridge 203: Program Evaluation 

Design Section Discussion Suggested 
Improvements 

1) Bridge Data (pp. 1-3) Input data sequence and 
explanations are clearly 
presented. 

- 

2) Integral Abutment 
Data (pp. 3-4) 

Input data sequence and 
explanations are clearly 
presented. 

- 

3) Load Data (pp. 5-8)   

• Dead and live load 
girder reactions (p. 6) 

Calculation in the program 
strictly follows DM-4 App. G 
1.2.7.2, which is based on the 
assumptions of equally 
distributed loads to all piles and 
removal of the multiple presence 
provision. The original design 
calculation presented girder 
reactions based on two cases: 
with and without using these 
assumptions. The former case 
exceeded the latter by 1.4 times. 

More study is required 
to ensure that this 
assumption does not 
produce either over- or 
underestimated results 
for both narrow and 
wide bridges. 

 
• Girder end rotation 

due to composite 
dead and live loads 
(pp. 6-7) 

The original design calculation 
assumed integral abutment rigid-
body movement and did not 
consider effects of girder-end 
rotations on the pile head 
rotations. Discussion of this issue 
is continued in section 4. 

See design section 4 
under iterative 
procedure interacting 
with COM624P. 

4) Pile Data (pp. 9-18)   
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• Pile properties (p. 
9) 

The geotechnical report 
recommends that a 1/16-inch loss 
in pile thickness (all around) due 
to corrosion be incorporated. This 
corrosion effect has been 
considered in the original design 
calculation. The pile properties 
used in the PennDOT IA program 
above did not consider this effect -
- only short-term results are 
shown. 

Input of the anticipated 
pile thickness loss as 
well as an option to 
automatically compute 
deteriorated pile 
properties are 
suggested. 
 

• Edge distance of 
piles (p. 9) 

The program reported an error due 
to excessive pile edge distance 
according to DM-4 App. G 
1.4.2.1. The actual abutment width 
at only the lower portion was 
reduced to meet this provision. 

- 

 
• Temperature range 

(p. 11) 

The structural continuity of bridge 
203 was established during mid 
Sept. 2002 with an average 
ambient temperature of 68 oF. 
Measured extreme maximum and 
minimum ambient temperatures 
were 95 oF and -8 oF, respectively, 
over the 43-month period, below 
the design value of +80 oF. 

Modification of the 
design temperature 
range as specified in 
DM-4 Ap.G 1.2.7.4 for 
U.S. customary units 
(111 oF) is required to 
eliminate inconsistent 
conversion between 
Fahrenheit and Celsius. 

• Maximum 
abutment 
movement (p. 12) 

Maximum measured abutment 
thermal displacements are 0.2 inch 
and 0.42 inch for expansion and 
contraction movements, 
respectively. This is compared to 
the PennDOT IA program design 
value of 0.98 inch. 
 

IA program abutment 
displacement was 
overestimated due to 
the extremely large 
design temperature 
range and large thermal 
mass of the bridge. A 
modification of the 
temperature range is 
possible to allow more 
accurate predictions of 
displacements. 

 
• Coefficient of 

passive earth 
The maximum measured earth 
pressure was 19 psi.  The 

- 
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pressure (p. 12) calculated effective vertical stress 
at this pressure cell location was 
6.2 psi, indicating a maximum 
equivalent coefficient of earth 
pressure of 3.1, which is very 
close to the design value of 3.0.  
The measured earth pressures 
were high at the abutment mid-
height and relatively low at the top 
and bottom. 

• Axial load per pile 
(p. 13) 

The maximum measured pile axial 
dead load was 107 k/pile as 
compared to the total predicted 
unfactored axial dead load of 112 
k/pile, a difference of 4.7%. 

Excellent agreement. 

• Iterative procedure 
interacting with 
COM624P (p. 14) 

Measured girder and abutment 
rotations, pile strains, and 
abutment displacements all 
indicate that the abutment-to-
backwall connection is not rigid 
and the abutment rotates away 
from the backfill.  Assumption of 
a rigid connection by the 
PennDOT IA program leads to 
excessively conservative results.  
Measured pile moments were 55 
ft-kip as compared to predicted 
194 ft-kip, nearly 4 times larger. 

The PennDOT IA 
program poorly 
predicts the behavior of 
the abutment and 
backwall movement 
and program 
assumptions are not 
valid. A behavior 
model that incorporates 
rotational flexibility of 
the structure needs to 
be incorporated. 

 
• Axial load-moment 

interaction (p. 16) 
The PennDOT IA program 
reported an axial load-moment 
interaction value greater than 1.0, 
indicating insufficient design pile 
strength. This results from 
differences between LRFD and 
LFD where load factors are 
smaller. Neither design accounts 
for x-axis pile bending under wind 
loads and thermally induced 
abutment movements in the 
transverse direction. 

Corrections of structure 
flexibility as described 
above and the inclusion 
of wind and transverse 
thermal behavior are 
required to more 
accurately predict 
behavior. 
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• Abutment/pile cap 
reinforcement (p. 
18) 

The PennDOT IA program is 
limited to design of longitudinal 
reinforcement for abutment/pile 
cap. 

The design of vertical 
reinforcement for the 
abutment/pile cap is 
suggested. 

5) Analysis Summary 
(pp. 19-20) 

Analysis summary is concisely 
and clearly presented. 

- 

 
 

In addition to the issues discussed in Table 7.1, creep and shrinkage of prestressed 

concrete members were identified as producing a significant and adverse effect on the 

long-term behavior of IA bridges, including longitudinal abutment movement and pile 

stresses. As can be observed from extensometer and pile strain gage data (see Chapter 3), 

the abutment longitudinal displacement in the 3rd year was about two times greater than 

the initial displacement and, similarly, the pile moment at the depth near the abutment of 

the 3rd year was about two times greater than the initial moment.  This behavior is largely 

due to the effects of concrete creep and shrinkage, which should also be considered in IA 

bridge design. 

Thermally induced loads on the abutment and pier result in additional, redistributed 

bending moments at both the superstructure and abutment from vertical movements.  

Bridge 203 is a three-span continuous consisting of two abutments and two intermediate 

piers.  Abutment and pier heights are 8.9, 31.3, 29, and 14.1 ft for abutment 1, pier 1, pier 

2, and abutment 2, respectively.  Relative thermal vertical displacement of piers 1 and 2 

under ±80 oF temperature load are determined as ±0.12 inch and ±0.09 inch, respectively.  

This relative vertical thermal displacement is equivalent to differential settlement effects 

and results in moments as high as 10 percent of the moments caused by abutment 

longitudinal displacement, which are anticipated to produce significant magnitudes of 

redistributed bending moments on the superstructure and integral abutment. 
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7.3 BRIDGE 211 EVAUATION 

Similar to bridge 203, the bridge 211 design is not based on the PennDOT IA program.  

The design philosophy used in the design of bridge 211 was based on load factor design 

(LFD).  As a consequence, the analysis results obtained for this bridge through the 

LRFD-based PennDOT IA program are not the same as the original design.  In addition 

to a comparison between the PennDOT IA program and field data, a comparison is also 

presented between the original LFD method used and the PennDOT IA program. 

The PennDOT program results, complete with input data, are presented below.  Four 

sources were used to obtain bridge material and geometric information: (1) design 

drawings, (2) design calculations, (3) the geotechnical report, and (4) actual pile driving 

records.  The design drawings, design calculations, and geotechnical report were obtained 

from HDR Inc., of Pittsburgh (the design consultant of this bridge).  The average as-built 

pile length was used in the PennDOT IA program, as presented below. 
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An evaluation of the above-presented PennDOT program output was performed through 

comparisons with field data and the bridge 211 original design. The five program design 

sections were evaluated individually and are summarized in Table 7.2. 

Table 7.2. Bridge 211: Program Evaluation 

Design Part Discussion Suggested 
Improvements 

1) Bridge Data (pp. 1-3) Minor warning concerning 
girder depth greater than the 
specified value by DM-4 is 
reported. 

- 

2) Integral Abutment 
Data (pp. 3-4) 

Input data sequence and 
explanations are clearly 
presented. 

- 

3) Load Data (pp. 5-8)   

• Dead and live load 
girder reactions (p. 6) 

Calculation in the program 
strictly follows DM-4 Ap.G 
1.2.7.2, which is based on the 
assumption of equally 
distributed loads to all piles and 
removal of the multiple-presence 
provision.  However, this 
assumption was not applied to 
the original design calculation. 

More study is required 
to ensure that this 
assumption does not 
produce either over- or 
underestimated results 
for both narrow and 
wide bridges. 

• Girder end rotation 
due to composite 
dead and live loads 
(pp. 6-7) 

The original design calculation 
assumed integral abutment rigid-
body movement and did not 
consider effects of girder-end 
rotations on the pile head 
rotations.  Discussion of this 
issue is continued in section 4. 

See design section 4 
under iterative 
procedure interacting 
with COM624P. 

 
4) Pile Data (pp.9-18)   

• Pile properties (p. 9) The geotechnical report 
recommends that a 1/16-inch 
loss in pile thickness (all around) 
due to corrosion be incorporated. 

Input of the anticipated 
pile thickness loss as 
well as an option to 
automatically compute  
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 This corrosion effect was 
considered in the original design 
calculation.  The pile properties 
used in the PennDOT IA 
program above did not consider 
this effect - only short-term 
results are shown. 

deteriorated pile 
properties are 
suggested. 

• Temperature range 
(p. 11) 

The structural continuity of 
bridge 211 was established 
during mid Aug. 2004 with an 
average ambient temperature of 
65 ºF.  Measured extreme 
maximum and minimum 
ambient temperatures were 95 oF 
and -8 ºF, respectively, over the 
43-month period, below the 
design value of ±80 ºF. 

Modification of the 
design temperature 
range as specified in 
DM-4 Ap.G 1.2.7.4 for 
U.S. customary units 
(111 ºF) is required to 
eliminate inconsistent 
conversion between 
Fahrenheit and Celsius. 

 
• Maximum abutment 

movement (p. 12) 
Maximum measured abutment 
thermal displacements were 0.03 
inch and 0.19 inch for expansion 
and contraction movements, 
respectively.  This is compared 
to the PennDOT IA program 
design value of 0.33 inch. 

IA program abutment 
displacement was 
overestimated due to 
the extremely large 
design temperature 
range and large thermal 
mass of the bridge.  A 
modification of the 
temperature range is 
possible to allow more 
accurate predictions of 
displacements. 

• Coefficient of 
passive earth 
pressure (p. 12) 

The maximum measured earth 
pressure was 8.0 psi.  The 
calculated effective vertical 
stress at this pressure cell 
location was 2.5 psi, indicating a 
maximum equivalent coefficient 
of earth pressure of 3.25, which 
is very close to the design value 
of 3.0. 

- 

 
• Axial load per pile 

(p. 13) 
The maximum measured pile 
axial dead load was 120 k/pile, 
as compared to the total 
predicted unfactored axial dead 
load of 117 k/pile, a difference 
of -2.5%. 

Excellent agreement. 
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• Iterative procedure 
interacting with 
COM624P (p. 14) 

Measured girder and abutment 
rotations, pile strains, and 
abutment displacements all 
indicate that the abutment-to-
backwall connection is not rigid 
and the abutment rotates away 
from the backfill.  Assumption 
of a rigid connection by the 
PennDOT IA program leads to 
excessively conservative results.  
Measured pile moments were 
22.5 ft-kip as compared to 
predicted 121 ft-kip, nearly 5 
times larger. 

The PennDOT IA 
program poorly 
predicts the behavior of 
the abutment and 
backwall movement 
and program 
assumptions are not 
valid.  A behavior 
model that incorporates 
rotational flexibility of 
the structure needs to 
be incorporated. 

 
• Axial load-moment 

interaction (p. 16) 
Neither the original design nor 
the PennDOT IA program 
design accounts for x-axis pile 
bending under wind loads and 
thermally induced abutment 
movements in the transverse 
direction. 

Corrections of structure 
flexibility as described 
above and the inclusion 
of wind and transverse 
thermal behavior are 
required to more 
accurately predict 
behavior. 

• Abutment/pile cap 
reinforcement (p. 18) 

The PennDOT IA program is 
limited to design of longitudinal 
reinforcement for abutment/pile 
cap. 

The design of vertical 
reinforcement for the 
abutment/pile cap is 
suggested. 

5) Analysis Summary 
(pp. 19-20) 

Analysis summary is concisely 
and clearly presented. 

- 

 
 

In addition to the issues discussed in Table 7.2, creep and shrinkage of prestressed 

concrete members were identified as producing a significant and adverse effect on the 

long-term behavior of IA bridges, including longitudinal abutment movement and pile 

stresses. Creep and shrinkage effects are suggested to be incorporated into the analysis 

and design of IA bridges. 
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7.4 BRIDGE 222 EVAUATION 

Similar to bridges 203 and 211, the bridge 222 design was not based on the PennDOT IA 

program.  The design philosophy used in the design of bridge 222 was based on load 

factor design.  As a consequence, the analysis results obtained for this bridge through the 

LRFD-based PennDOT IA program are not the same as the original design.  In addition 

to a comparison between the PennDOT IA program and field data, a comparison is also 

presented between the original LFD method used and the PennDOT IA program. 

The PennDOT program results, complete with input data, are presented below.  Four 

sources were used to obtain bridge material and geometric information: (1) design 

drawings, (2) design calculations, (3) the geotechnical report, and (4) actual pile driving 

records.  The design drawings, design calculations, and geotechnical report were obtained 

from HDR Inc., of Pittsburgh (the design consultant of this bridge).  The average as-built 

pile length was used in the PennDOT IA program, as presented below. 
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An evaluation of the above-presented PennDOT IA program output was performed 

through comparisons with field data and bridge 222 original design. The five program 

design sections were evaluated individually and are summarized in Table 7.3. 

Table 7.3. Bridge 222: Program Evaluation 

Design Part Discussion Suggested 
Improvements 

1) Bridge Data (pp. 1-
3) 

Input data sequence and 
explanations are clearly presented. 

- 

2) Integral Abutment 
Data (pp. 3-4) 

An error regarding a difference in 
abutment end heights greater than 
18 inches due to the requirement 
of 8 percent transverse slope is 
reported. 

- 

3) Load Data (pp. 5-8)   

• Dead and live load 
girder reactions (p. 
6) 

Calculation in the program strictly 
follows DM-4 Ap.G 1.2.7.2, 
which is based on the assumption 
of equally distributed loads to all 
piles and removal of the multiple 
presence provision.  However, this 
assumption was not applied to the 
original design calculation. 

More study is required 
to ensure that this 
assumption does not 
produce either over- or 
underestimated results 
for both narrow and 
wide bridges. 

 
• Girder end rotation 

due to composite 
dead and live loads 
(pp. 6-7) 

The original design calculation 
assumed integral abutment rigid-
body movement and did not 
consider effects of girder-end 
rotations on the pile head 
rotations.  Discussion of this issue 
is continued in section 4. 

See design section 4 
under iterative 
procedure interacting 
with COM624P. 

4) Pile Data (pp. 9-18)   
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• Pile properties (p. 
9) 

The geotechnical report 
recommends that a 1/16-inch loss 
in pile thickness (all around) due 
to corrosion be incorporated.  This 
corrosion effect has been 
considered in the original design 
calculation.  The pile properties 
used in the PennDOT IA program 
above did not consider this effect - 
only short-term results are shown. 

Input of the anticipated 
pile thickness loss as 
well as an option to 
automatically compute 
deteriorated pile 
properties are 
suggested. 

• Temperature range 
(p. 11) 

The structural continuity of bridge 
211 was established during mid 
Jul. 2003 with an average ambient 
temperature of 70 ºF.  Measured 
extreme maximum and minimum 
ambient temperatures were 95 oF 
and -8 ºF, respectively, over the 
43-month period, below the design 
value of ±80 ºF. 

Modification of the 
design temperature 
range as specified in 
DM-4 Ap.G 1.2.7.4 for 
U.S. customary units 
(111 ºF) is required to 
eliminate inconsistent 
conversion between 
Fahrenheit and Celsius. 

 
• Maximum 

abutment 
movement (p. 12) 

Maximum measured abutment 
thermal displacements are 0.11 
inch and 0.13 inch for expansion 
and contraction movements, 
respectively.  This is compared to 
the PennDOT IA program design 
value of 0.18 inch. 

IA program abutment 
displacement was 
overestimated due to 
the extremely large 
design temperature 
range and large thermal 
mass of the bridge.  A 
modification of the 
temperature range is 
possible to allow more 
accurate predictions of 
displacements. 

• Coefficient of 
passive earth 
pressure (p. 12) 

The maximum measured earth 
pressure was 16 psi.  The 
calculated effective vertical stress 
at this pressure cell location was 
5.4 psi, indicating a maximum 
equivalent coefficient of earth 
pressure of 2.96, which is very 
close to the design value of 3.0. 

- 

 
• Axial load per pile 

(p. 13) 
The maximum measured pile axial 
dead load was 120 k/pile, as 

- 
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compared to the total predicted 
unfactored axial dead load of 95.3 
k/pile, a difference of -20.6%. 

• Iterative procedure 
interacting with 
COM624P (p. 14) 

Measured girder and abutment 
rotations, pile strains, and 
abutment displacements all 
indicate that the abutment-to-
backwall connection is not rigid 
and the abutment rotates away 
from the backfill.  Assumption of 
a rigid connection by the 
PennDOT IA program leads to 
excessively conservative results.  
Measured pile moments are 25 ft-
kip as compared to predicted 
116.2 ft-kip, nearly 5 times larger. 

The PennDOT IA 
program poorly 
predicts the behavior of 
the abutment and 
backwall movement 
and program 
assumptions are not 
valid. A behavior 
model that incorporates 
rotational flexibility of 
the structure needs to 
be incorporated. 

 
• Axial load-moment 

interaction (p. 16) 
Neither original design nor 
PennDOT IA program design 
accounts for x-axis pile bending 
under wind loads and thermally 
induced abutment movements in 
the transverse direction. 

Corrections of structure 
flexibility as described 
above and the inclusion 
of wind and transverse 
thermal behavior are 
required to more 
accurately predict 
behavior. 

• Abutment/pile cap 
reinforcement (p. 
18) 

The PennDOT IA program is 
limited to design of longitudinal 
reinforcement for abutment/pile 
cap. 

The design of vertical 
reinforcement for 
abutment/pile cap 
member is suggested. 

5) Analysis Summary 
(pp. 19-20) 

Analysis summary is concisely 
and clearly presented. 

- 

 
 

In addition to the issues discussed in Table 7.3, creep and shrinkage of prestressed 

concrete members were identified as producing a significant and adverse effect on the 

long-term behavior of IA bridges, including longitudinal abutment movement and pile 
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stresses. As can be observed from extensometer and pile strain gage data (see Chapter 3), 

the abutment longitudinal displacement in the 2nd year is about 1.7 times greater than the 

initial displacement and, similarly, the pile moment at the depth near the abutment of the 

2nd year is about 2.8 times greater than the initial moment. This behavior is largely due to 

the effects of concrete creep and shrinkage, which should also be considered in IA bridge 

design. 

 

7.5 BRIDGE 109 EVAUATION 

Unlike bridges 203, 211, and 222, the bridge 109 design was based on the PennDOT IA 

program. The design philosophy used in the design of bridge 109 is, therefore, based on 

load resistance factor design.  Because the PennDOT IA program was used and field data 

were not available, neither comparison nor evaluation is provided for this bridge. 

The PennDOT program results, complete with input data, are presented below.  Four 

sources were used to obtain bridge material and geometric information: (1) design 

drawings, (2) design calculations, (3) the geotechnical report, and (4) actual pile driving 

records.  The design drawings, design calculations, and geotechnical report were obtained 

from KCI technologies Inc., of Harrisburg (the design consultant of this bridge).  The 

average as-built pile length was used in the PennDOT IA program, as presented below.
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7.6 CONCLUDING REMARKS 

Rigidly connected construction joints between abutment and backwall are a conservative 

assumption.  This assumption allows rotational compatibility between end girder and pile 

head rotations to be incorporated into the PennDOT IA program.  However, the measured 

behavior indicates the occurrence of relative rotations between abutment and girders and 

does not agree with this assumption.  Although this assumption bears on a safe side, the 

safety margin of the assumption tends to be uncertain due to other unforeseen bridge 

behavior.  The unforeseen behavior is twofold: beneficial behavior and adverse behavior. 

The beneficial behavior of IA bridges, as observed from field data, includes: (1) slow 

concrete responses to daily temperature changes and (2) passive earth pressures occurring 

only at the center and top portion of abutments.  Slow concrete responses to daily 

temperature changes were observed from a small variation in displacement data due to 

large thermal bridge mass.  However, a relatively large design temperature range is 

utilized in the PennDOT IA program.  Passive earth pressures measured from pressure 

cells were distributed locally at the center and top portion of abutments. Smaller earth 

pressures were observed at other locations.  However, passive earth pressures distributed 

equally on the entire abutment surface area are utilized in the PennDOT IA program. 

The adverse behavior of IA bridges observed from field data includes: (1) creep and 

shrinkage effects, (2) strong axis bending moment of piles, (3) secondary moment of 

continuous IA bridges due to thermal effects on substructures, and (4) additional pile 

head movements due to earth pressures.  Creep and shrinkage of prestressed concrete 

members are identified as producing a significant effect on the total IA bridge 

movements.  Magnitudes of additional pile stresses due to strong axis bending can 

become a significant effect, particularly for a short bridge where longitudinal and 

transverse dimensions are similar (bridge 222 for instance).  Thermally induced loads on 
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abutment and pier for continuous IA bridges can also result in significant magnitudes of 

redistributed secondary moments, particularly for tall piers and stub abutments.  Due to 

flexibility of abutment-backwall connections, significant pile head movements can be 

generated when subjected to earth pressures, particularly for a tall abutment.  The worst 

combination of these four sources can overcome a safety margin given by the rigid-

connection assumption and the aforementioned beneficial behavior. 

Finally, it is concluded that the rigid connection assumption utilized in the PennDOT 

IA program does not represent the actual IA bridge behavior.  Although the rigid 

connection assumption is an overly conservative approach, an uncertain degree of safety 

margin still exists where the combination of all unforeseen adverse behavior is significant 

and the combination of all unforeseen beneficial behavior is insignificant.  Therefore, an 

analysis and design approach based on a partially rigid connection with inclusion of both 

beneficial and adverse behaviors is more appropriate for future design of IA bridges. 



CHAPTER 8 

SUMMARY 

 

The project described in this report involved the instrumentation of bridge 109 on the 

new I-99 extension in central Pennsylvania and continued monitoring and collection of 

engineering bridge response data at the three previously instrumented bridges and the 

weather station.  The development of a bridge 109 numerical model and evaluation of the 

PennDOT IA Design spreadsheet was completed.  Detailed instrument descriptions and 

installation of each bridge 109 instrument are provided in this report.  Bridge response 

data are presented for bridges 203, 211, and 222, composed of longitudinal abutment 

displacements, abutment earth pressures, abutment and girder rotations, H-pile bending 

moments about the weak axis and axial forces, girder strains, and approach slab strains.  

Four 3-dimensional numerical models were developed to predict IA bridge response for 

bridges 203, 211, 222, and 109.  Comparison between observed bridge response and 

predicted bridge response is presented and discussed.  Finally, evaluation of the 

PennDOT IA Design Spreadsheet was performed to provide suggested program 

improvements for all four instrumented bridges.  Comparison of predicted bridge 

response based on the PennDOT IA program and the original design to observed bridge 

response was also presented and discussed. 
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